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PARTI 
I. Organophosphorus Pesticides. 
CllAPI'ER 1 
INTRODUCTION 
The organophosphate insecticides are members of a class of compounds that 
irreversibly inhibit cholinesterases including acetylcholinesterase (AChE) (Taylor, 1985). 
These organophosphorus compounds generally have the formula of phosphoric acid esters 
bearing four substituents on the central phosphorus atom of which one is a good leaving 
group. Certain structural constitutions make them reactive toward the active site of 
enzymes in the peripheral and central nervous systems of mammals and insects. In this 
respect, their use in chemical warfare over the past 50 years has been a serious concern 
as well as the intoxication of humans by organophosphorus insecticides worldwide (Besser 
et al., 1989; Wadia et al., 1974). 
Over 150 years ago, Lassaigne (1820) investigated the reaction of alcohol with 
phosphoric acid, launching the chemistry of the organophosphorus compounds. 
Thereafter, more than 50,000 organophosphate compounds have been synthesized and 
studied for their use as nerve gases in chemical warfare and as insecticides. Thenard 
synthesized several phosphines in 1847 and DeClermont prepared the first of many potent 
organophosphorus compounds, including tetraethylpyrophosphate (1; TEPP) (Fig. 1) by 
alkylating the silver salt of pyrophosphoric acid with alkyl halides in 1854 (Fest and 
Schmidt, 1973). Hofmann (1872) was the first to prepare alkanephosphonic acids by 
2 
oxidation of methyl and ethyl phosphine with nitric acid. However, classical phosphoric 
ester chemistry was founded largely by Michaelis (Michaelis and Becker, 1897) and 
Arbusov who synthesized triethylphosphonate (2) (Fig. 1) in 1906 (Fest and Schmidt, 
1973). 
0 0 
CiHso,JI 11,......oCiHs 
P-0-P 
CiH50 / 'OCiHs 
1. TEPP 2. Triethylphosphonate 
Figure 1. Phosphorus Ethyl Esters. 
Although a number of organophosphorus compounds were prepared in the earlier part of 
this century, knowledge of their effect on living organisms was not discovered until 1932, 
when Lange and van Krueger (1932) drew attention to the highly toxic properties of the 
monofluorophosphates ( 4 or 5) including the well known serine protease inhibitor 
diisopropyl fluorophosphate (DFP; 3) (Fig. 2). 
RO 0 
'Q p 
RO/ 'F 
3. R = i-Propyl (DFP) 
4. R =sec-Butyl 5 
Figure 2. Monofluoro Phosphonates. 
3 
During wartime, interest in the toxic properties of the fluorophosphates resulted 
in the further development of such chemical warfare agents as tabun (6) (Schrader and 
Kiikenthal, 1937 and 1952; Schrader and Gebhardt, 1939 and 1953; Schrader, 1937 and 
1952; Hoskin and Trick, 1955), sarin (7) (Adie et al., 1956) and soman (8) (Fig. 3) (Riser, 
1950). 
6. Tabun 7. Sarin 8. Soman 
Figure 3. Neurotoxic Organophosphates. 
Extensive investigation of these bioactive compounds clarified that some of the 
organophosphorus compounds were also strongly toxic to insects as well as warm-blooded 
animals. With this reason, and peaceful intentions following the second World War, 
organophosphorus compounds were re-examined as potential insecticides to be used in 
agriculture. The first phosphorus ester insecticides to be introduced in agriculture were 
developed by Schrader, for example, Bladan (TEPP) (Schrader, 1939; Woodstock,1942), 
and parathion (Schrader and Kiikenthal, 1948 and 1951) (9; Fig. 4). 
4 
N02 
9 
Figure 4. Parathion. 
As a result of extensive investigation, great development of organophosphorus pesticides 
active against agricultural insect pests were made. OP pesticides' selective toxicity 
against insects was given considerable attention in the early sixties when the chlorinated 
hydrocarbon insecticides began to be considered hazardous owing to a prolonged 
environmental half-life (U.S. Department of Health, Education, and Welfare (USDHEW), 
1969). At that time, organophosphorus insecticides represented the best practical 
alternative with respect to optimal toxicological properties as well as efficient duration 
of action, range of activity, lower toxicity to warm blooded mammals, and behavior in 
the plant. 
A. General Structure and Types of Compounds. 
Approximately 100 different organophosphorus insecticides have been commercial 
successes over past 50 years (Worthing et al., 1987). Investigation of these 
organophosphorus insecticides reveals a variety of different structures. Most of the 
organophosphorus insecticides, which contain the pentavalent phosphorus atom, are 
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usually classified as esters, amides, anhydrides and fluorides of phosphoric 
phosphorothioic, and phosphorodithioic acids. The general formula is depicted in Figure 
5, where R1 is usually a methyl or ethyl group and R2 varies as methoxy, ethoxy, ethyl, 
phenyl, amino, substituted amino or alkylthio group. As indicated, the double bonded 
sulfur may be replaced with oxygen. In some instances, the group X is referred to as the 
leaving group and may be a substituted or branched aliphatic, aromatic, or heterocyclic 
group that is bonded to phosphorus atom via a labile 0- or S- bond. 
R1 = methyl, ethyl 
R2 = methoxy, ethoxy, ethyl, phenyl, 
amino, substituted amino, alkylthio 
X =substituted or branched aliphatic, aromatic, 
or heterocyclic group 
Figure 5. General Structure of Phosphorus Insecticides. 
Figure 6 shows some different structures of the more prominent organophosphorus 
insecticides with these variations in the leaving group X, and R1 = R2 = OCH3 as 
examples. Although organophosphorus insecticides do not vary widely in the R1 or R2 
group, significant differences are found in the structure of the leaving group X. 
0 0 
-S'(CXJMHs II ll 
-OCH=CCOCzHs X= -SCHzCNHCH3 I 
CH3 COzC2Hs 
dimethoate mevinphos 
a 
N 
-0 Cl -0 ( )CH' SCH3 -SCH2-~ 
Cl 
chloropyrif~ fenthion 
Figure 6. Organophosphorus Insecticides Showing 
Variation in the Leaving Group X. 
B. Metabolism and Mechanism of Action. 
1. Metabolic Detoxification by Hydrolysis and Demethylation. 
malathion 
:;:a 
0 
guthion 
6 
When an organophosphorus insecticide enters an organism, it is susceptible to 
hydrolytic degradation by enzymatic or chemical hydrolysis resulting in detoxification 
products (Eto, 1974). The mechanism of hydrolysis [of organophosphorus compounds] 
may occur by different pathways depending on the type of ester, pH range, enzymes, or 
upon catalytically active additives. 
The enzymatic hydrolysis of OP's is one of the most important detoxification 
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reactions, and is mediated by a number of different enzymes, the majority generally 
referred to as hydrolases or phosphotriester hydrolase (Dauterman, 1971). The 
mechanisms of OP hydrolysis by hydrolases have been shown to occur by cleavage of the 
P-X bond in organophosphates, in which Xis the leaving group, leading to a phosphoric 
acid, (P(O)-OH) or thiophosphoric acid, (P(S)-OH) derivative (Eq. 1 ). One example is 
the hydrolysis of parathion methyl (Scheme 1 on p.9), resulting in thiophosphoric acid. 
Hydrolase (1) 
In some instances, hydrolysis of an alkyl ester linkage also may occur. Mazur (1946) and 
Jarczyk (1966) showed that a hydrolytic decomposition rates of paraoxon and parathion 
analogues were related to the chain length and the branching of the alkyl substituents in 
the alkoxy groups, the type of ester, and the substituents in the aromatic ring. 
In rat liver homogenate, Shishido and Fukami (1963) found that analogues of 
parathion methyl, were demethylated by glutathione S-methyltransferase. Eto and Ohkaya 
(1970) have investigated demethylation in saligenin cyclic phosphorothiolates, confirming 
this detoxification pathway. Therefore, demethylation might also be considered as a 
competitive detoxification reaction to the oxidation pathways (following section) that 
activate OP compounds in some insects (Fukami and Shishido, 1963). 
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2. Metabolic Activation by Oxidation. 
Approximately one-third of all pesticides are phosphorothionates (contain the P=S 
moiety). Whereas phosphorothionates are relatively unreactive and stable to hydrolytic 
degradation, the corresponding P=O esters (oxons) are more reactive and directly toxic. 
The chemical basis for the reactivity differences are discussed below. 
Phosphorothionate esters (P=S) are generally poor anticholinesterases based on 
their relatively low reactivities owing to reduced polarization of the P=S linkage relative 
to the P=O linkage. The more polarized nature of the P=O bond results in facilitating 
the attack on the more electropositive phosphorus atom by nucleophiles, e.g., the serine 
hydroxyl group of Ache. Therefore, it follows that the in vivo toxicity of 
phosphorothionate pesticide (P=S OP) is attributed to primarily first conversion to the 
corresponding P=O ester formed through metabolic oxidation (Gage, 1953; Dauterman, 
1971). 
Metabolic oxidation can take place chemically or biochemically (Eto, 1974) 
usually paralleling a concomitant increase in toxicity. In vivo, the metabolic oxidation 
of phosphorothionate to oxons is mediated largely by the mixed function oxidase (MFO) 
enzym~s in animals (Jacoby, 1980) (Eq.2). 
s 0 
R10,,JI (O] R10,ll P-X P-X 
R/ MFO R/ 2 2 (2) 
Thionate Oxon 
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The major competing pathways of metabolism are shown for the conversion of parathion 
methyl (Scheme 1), including transformations to its oxon, desmethyl, and hydrolysis 
products. 
Scheme 1. Degradation and Activation of Parathion Methyl. 
CH30 _,.S 
'Q 
.. l' CH30 OH 
Phosphorothioic Acid 
Parathion Methyl 
/,olase 
/ 11~~' 
GSH transferase 
Desmethyl Parathion Methyl Paraoxon Methyl 
Whereas hydrolysis and demethylation decrease the toxicity, oxidative processes usually 
increase the toxicity. 
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IT. Organophosphorus Impurities. 
Organophosphorus insecticides were introduced as safe compounds used to achieve 
household and agricultural pest control. The majority of organophosphate insecticides 
have a symmetrical structure in which R10 and R2 (Fig. 5) often are methoxy or ethoxy 
groups. Unlike OP nerve gas agents, the occurrence of four different substituents at the 
central phosphorus atom is encountered for only a limited number of pesticides. As 
mentioned, the X moiety is generally a good leaving group and it is at this ligand where 
most of this variation exists. 
Although the dialkyl phosphorothionate insecticides are thought to be generally 
safe, certain organophosphate insecticides were found to contain impurities, which also 
may pose a public health problem. These impurities include simple organophosphorus 
triesters such as (CH30)zP(O)SCH3, (CH3S)zP(O)OCH3, (CH3S)3P(O), and phosphoric 
monoacids resulting from hydrolysis (Ryan, 1984). The phosphorus triesters are not 
acutely toxic but have been shown to cause delayed toxicity via lung damage (Verschoyle 
and Cabral, 1982). In contrast, highly toxic impurities have been identified that are 
simple isomers of the parent materials. These impurities may be generated during the 
manufacture, storage, or environmental lifetime. 
The isomerization of a thionate CH30-P=S (10; Eq. 3) to a thiolate CH3S-P=0 
(11; Eq.3) is one such example of forming an organophosphorus pesticide impurity. The 
isomerization was first discussed by Emmett and Jones (1911). This particular 
rearrangement is generally induced by thermal (Metcalf and March, 1953; Rengasamy and 
Parmer, 1988), and to a lesser extent, photochemical (Chukwudebe et al., 1989), or 
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chemical (Bum and Cadogen, 1961) processes. This rearrangement reaction results in the 
formation of the S-alkyl phosphorothiolate (Eq. 3). 
This thiono-thiolo transformation also may be promoted by the reaction of 
phosphorothionate with alkyl iodides (Eto, 1974) via an alkylation-dealkylation sequence, 
or via a bimolecular reaction between two phosphorothionate molecules at elevated 
temperature (Fest and Schmidt,1973; Eto, 1974), or by prolonged storage in polar aprotic 
solvents at room temperature (Eto, 1974). 
Phos phorothionate 
(insecticides) 
10 
thermally, photochemically, 
or chemically induced 
Phosphorothiolate 
(impurities) 
11 
(3) 
Important biochemical and toxicological properties may be linked to this rearrangement 
through consideration of the new phosphorylating species 11. First, a change from a P=S 
to P=O linkage causes enhanced reactivity (Metcalf and March, 1953; Thompson et al., 
1989) in the reaction with enzymes (Fukuto, 1981). Second, a new chiral center at the 
phosphorus atom is formed suggesting that the individual antipodes must be examined 
for possible stereochemical differences in their biochemical modes of action. Examples 
of phosphorothiolates bearing an asymmetric phosphorus atom are shown in Fig. 7. 
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Third, since the P=S bond is absent, oxidizing enzymes must impose an alternate 
pathway. The thioalkyl group is susceptible to oxidation (Eto et al., 1977; Thompson et 
al., 1984) resulting in the formation of a more labile leaving group (the sulfoxide). 
Fourth, the methylthio group has been shown to be a somewhat better leaving group than 
the corresponding methoxy group (Thompson and Fukuto, 1982) and the mechanism of 
inhibition may be altered. Last, thiolate-based organophosphate poisoned AChE may 
undergo degenerative, stereospecific post-inhibition mechanisms dependent upon the chiral 
phosphorus atom (Toia and Casida, 1979; Clothier and Johnson,1980; Johnson et al., 
1986). 
Group X = 
-0 
-0 < ) N02 
Figure 7. Phosphorothiolate Enantiomers. 
This thiono-thiolo rearrangement reaction occurs most readily with methoxy 
groups (Eto, 1974), and 5-20 % conversion to the thiolate (of commercial material) may 
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be found (Metcalf and March, 1953) during manufacture or storage of phosphorothionate 
insecticides. 
Without consideration to the asymmetric center, this subtle change in the 
organization of the molecule results in a marked enhancement in toxicity. Thompson and 
co-workers (1989) reported that phosphorothiolates are 1000-fold better anti-cholinesterase 
agents than the corresponding phosphorothionates. Moreover, these impurities were 
brought to particular public attention when 7500 Pakistani spraymen were poisoned by 
a 50 % formulation of malathion. It was determined that the cause of the poisoning was 
related to the impurity, isomalathion (Fig. 7), which had impressive toxicity (Aldrige et 
al., 1979). In summary, certain impurities found as contaminants in OP insecticide 
mixtures may have serious effects on public health. 
A. Preparation of Chiral Phosphorothiolates. 
A limited number of organophosphorus insecticides and/or their metabolites or 
impurities contain a chiral phosphorus atom suggesting that the individual antipodes may 
react differently with enzymes. As early as 1955, Michel identified a correlation between 
toxicity and asymmetry at phosphorus. Thereafter, several investigations have sought to 
prepare stereoisomers of phosphorus esters in an effort to understand better the role of 
asymmetry in OP toxicity. 
The first preparation of organophosphate enantiomers was accomplished by Aaron 
and his colleagues (1958) (Fig. 8). These enantiomers were synthesized via first 
separation of diastereomeric salts formed from the reaction of the racemic thio acid, 
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EtO(Et)P(S)OH with the chiral alkaloid base, quinine. With respect to this procedure, 
many enantiomers have been synthesized by fractional crystallization of the crystalline 
diastereomeric salts (Hall and Inch, 1979) obtained from the free acids with quinine 
(Aaron et al., 1958), brucine (Aaron et al.,1958; Ohkawa et al., 1976 and 1977), and 
strychnine (Hilgetag and Lehmann, 1959). 
Figure 8. Chiral Phosphorothionates. 
A second approach to prepare optically active phosphates chromatographically 
separates diastereomers formed from the reaction between a racemic organophosphoryl 
halide with a chiral auxiliary, e.g. carbohydrates, (-)-ephedrine or /-praline ethyl ester, 
followed by removal of the chiral reagent. One simple approach was developed by 
Koizumi (1977 and 1978) (Scheme 2). 
Scheme 2. Preparation of Optically Active Phosphonates. 
0 
Ph,11 
P-0 
a .... 
+ -
(l)CzHsOH 
(2) Separation 
of diastereome111 
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Enantiomers of OP's also were obtained by the stereoselective hydrolysis of 
organophosphates by phosphorylphosphatase or by the stereoselective binding of 
organophosphates to hydrolases. By this enzymatic reaction, Benschop and coworkers 
were able to isolate all four stereoisomers of soman (Benschop et al., 1984). Finally the 
enantiomers of X(C6H5)P(O)OC6H4-4-N02 (Xis ethyl or isopropyl) have been separated 
directly by means of chiral HPLC (Brown and Grothusen, 1984; Gorder et al., 1986). 
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III. Acetylcholinesterase (AChE) 
A. Acetylcholinesterase and Butyrylcholinesterase. 
Whereas AChE is present in the neuron, at the neuromuscular junction, and in 
certain other tissues, butyrylcholinesterase (BuChE), also known as cholinesterase (ChE), 
serum esterase, or pseudo-ChE, is found in various types of glial or satellite cells but only 
to a limited extent in neuronal elements of the central and peripheral nervous system 
(Weiner and Taylor, 1985). BuChE is also found in the plasma, liver, and other organs. 
Its physiological role is not fully established. BuChE can, however, hydrolyze ACh. 
Although both enzymes can hydrolyse ACh, AChE hydrolyses ACh at a much greater rate 
than BuChE. On the other hand, BuChE imposes a maximal hydrolysis rate with 
butyrylcholine as a substrate. AChE also hydrolyses methacholine, and is inhibited 
selectively by certain bis-quaternary ammonium complexes. In contrast, BuChE does not 
hydrolyze methacholine and is more sensitive than AChE to inhibition by several 
quaternary ammonium compounds and organophosphorus agents. Therefore, we can 
anticipate that AChE and BuChE will vary in their interaction with OP inhibitors. 
B. Release and Hydrolysis of Acetylcholine by AChE. 
Acetylcholinesterase (AChE, acetylcholine hydrolase, EC 3.1.1.7) is an enzyme 
found in warm-blooded animals, fish, reptiles, and insects (Karczmar et al., 1970), and 
plays a principal role in cholinergic neurotransmission at a synaptic or cholinergic 
junction, particularly the hydrolysis of acetylcholine (ACh). The mechanism of hydrolysis 
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of ACh is depicted in the elementary steps presented in Scheme 3. 
Scheme 3. Hydrolysis of Acetylcholine. 
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ACh, released from storage vesicles driving neurotransmission, interacts with the 
ACh receptor site on the postsynaptic membrane. Hydrolysis of ACh occurs in the 
immediate vicinity of the nerve ending. Therefore, the principal biological role of 
acetylcholinesterase is the termination of impulse transmission at cholinergic synapses by 
the rapid hydrolysis of the neurotransmitter, acetylcholine (ACh) (Barnard, 1974). The 
hydrolysis of ACh results in the neurochemically inactive substances, choline and acetic 
acid (Eq. 4). Acetylcholine may be reformed by reaction of choline-0-acetyltransferase 
with ATP and CoA. 
Acetylcholine 
C. Active Sites of AChE. 
AChE 
Choline-0-acetyl 
CH3 
+I H0~1-CH3 Choline 
CH3 
+ 
transferase O 
)l Acetic acid 
H3C OH 
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(4) 
Nachmansohn and co-workers first described the reactivity profile of AChE in 
1938. The first model of the active site of AChE was proposed by Wilson and Bergman 
in 1950s (Wilson, 1950), which consisted of anionic and esteratic sites. This original 
model had to be modified with the assumption that the active sites contained additional 
essential functional groups (Krupka and Laidler, 1961; Krapka 1962 to 1966). Extensive 
study by Nachmansohn and his coworkers solved the mechanism of action of AChE and 
provided the models of AChE's inhibitors as poisons and drugs at the molecular level 
(Nachmansohn, 1955; Nachmansohn and Neumann, 1975). 
More recently, it became clear that the enzyme consists of globular catalytic 
subunits and the assembly of these catalytic subunits in oligomeric structures (Rosenberry, 
1985; Massoulie and Bon, 1982). AChE exists in various oligomeric forms, which are 
membrane anchored or freely diffusible (Massoulie and Toutant, 1988). cDNA cloning 
and sequencing have provided the primary structures of several AChEs (MacPhee-Quigley 
et al., 1985) and the cDNA sequence of Torpedo Californica AChE (Schumacher et al., 
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1986) indicates that there is a continuous stretch of 13 amino acids that likely constitute 
a leader sequence. The native enzyme contains a single polypeptide of 575 amino acids 
with a molecular weight of 65,612. Ser200 was found to be labeled with [3H]diisopropyl 
fluorophosphate, indicating this group as the main nucleophilic feature of the active site 
(Quinn, 1987). Recently, Sussman and colleagues solved the three-dimensional atomic 
structure of AChE by X-ray analysis (Sussman et al., 1991). 
Combining the knowledge of previous kinetic, spectroscopic, and chemical 
modification studies led to the portion of the active site of AChE being represented 
schematically, as consisting three major domains: the esteratic site, anionic site, and a 
hydrophobic region (Fig. 9). This catalytic triad is commonly thought to control the 
enzyme's activity. 
HNAN 
AChE~-)::l _____ l_H _______ (C~'°-O-)---
111111111111111 11111111111111111111111111111111111111111111111 1111111111111111111111111111111111 
(A) (B) (C) 
Figure 9. Schematic representation of the active site of AChE 
showing the esteratic site (A), the hydrophobic 
region (B), and the anionic site (C). 
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The esteratic site, which contains the serine hydroxyl group and an imidazole of 
a histidine residue, represents the major portion of the enzyme primarily responsible for 
the hydrolysis of ACh. The serine hydroxyl group initiates the nucleophilic attack upon 
the carbonyl carbon of ACh, and the imidazole nitrogen likely acts as a general acid-base 
catalyst in the formation and cleavage of the tetrahedral intermediate during ACh 
hydrolysis. This anionic locus of the AChE contains multiple negative charges (Nolte et 
al., 1980), and interacts with various types of compounds including aromatic cations, 
tetraalkylammonium salts, aziridium covalent modifying reagents (O'Brien, 1969; 
Palumaa and Jarv, 1984), and pyridinium reactivators, so-called oxime reactivators. The 
hydrophobic regions lies between anionic site and esteratic site and supports the substrate 
and ligand interactions 
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IV. Inhibition of AChE by OP compounds. 
A. Mechanism of Inhibition. 
The mechanism of toxic action of OP insecticides in insects and warm-blooded 
animals has been widely investigated. Likely, the inhibition of AChE by an 
organophosphorus ester initiates the toxic event occurring via a nucleophilic reaction of 
the serine hydroxyl moiety in a manner analogous to the acetylation of AChE, resulting 
in the formation of a covalent bond between the serine residue (En-OH) of the active site 
and the phosphorus atom synchronous with the ejection of leaving group X (Eq. 5). 
En-OH + Y(Z)P(O)X 
--
-Ko 
[En-OH • Y(Z)P(O)X] En-0-P(O)(Y)Z + x (5) 
k· I 1 
In contrast to the acetylated enzyme, which is rapidly hydrolyzed to give acetic acid and 
the regenerated enzyme, the phosphorylated enzyme is highly stable and in some cases 
it is irreversibly inactivated depending on the groups attached to the phosphorus ester 
(Aldridge, 1950). 
Following phosphorylation, the serine hydroxyl moiety is no longer able to 
participate in the hydrolysis of ACh. In Eq. 5, X is regarded as a leaving group in the 
organophosphate compound, K0 is the dissociation constant between reactants and 
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enzyme-phosphate complex,~ is the phosphorylation constant, and ki is the bimolecular 
rate constant and is equal to ~0 (Main, 1964). K0 reflects an estimate for binding and 
is dependent on the structural features of the molecule, and ~ is regarded as the effect 
of the reactivity of the ester. 
The bimolecular rate constant, ki is related to K0 and ~· and is generally regarded 
as an estimation of the inhibitory potency of organophosphorus esters. This bimolecular 
rate constant can also be expressed by an 150 value, which is the molar concentration of 
inhibitor causing 50% inhibition of enzyme activity at a certain time of incubation with 
inhibitor (Eq. 6) (Eto, 1974). 
150 = 0.695 I (t) (~) (6) 
The inhibition of acetylcholinesterase produces stimulation of muscarinic receptor 
responses at autonomic effector organs, stimulation of all autonomic ganglia and skeletal 
muscle, followed by depression or paralysis (nicotinic action), and stimulation of 
cholinergic receptor sites in the central nervous system (CNS) with subsequent depression 
(Taylor, 1985). 
B. Structural and Steric Features of Organophosphorus Ester Inhibition of AChE. 
Structure-activity studies demonstrated a clear relationship between reactivity of 
phosphorus atom in the phosphate and anticholinesterase activity (Aldridge and Davison, 
1952). Accordingly, inhibition was found to proceed with pseudo-first order kinetics, and 
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influence of the electron deficient phosphorus atom both upon the coulombic association 
of the inhibitor for the active center of enzyme and upon the bimolecular rate constant 
has been substantiated through correlations between the kinetic inhibition constants for 
fly head acetylcholinesterase and physical and chemical constants (Fukuto and Metcalf, 
1956 and 1959; Hansch and Deutsch, 1966; Mundy et al., 1978). For example, Fukuto 
and co-workers determined that the bimolecular rate constant for the inhibition paralleled 
the rates of alkaline hydrolysis of organophosphorus esters (Fukuto, 1957). In addition, 
Fukuto and Metcalf showed that the inhibition of fly head AChE was related to the nature 
of the aryl substituents of diethyl substituted phenyl phosphates (paraoxon analogues) 
(Fukuto and Metcalf, 1956). The inhibition by these paraoxon analogues was evidenced 
by the strong electron withdrawing property of the nitre group, which resulted in 
facilitating a nucleophilic attack on the phosphorus atom by the serine hydroxyl moiety 
(Eq. 7). In contrast, electron donating or weakly electron withdrawing substituents were 
weaker inhibitors with a lesser electron deficient property imposed on the phosphorus 
atom. 
0 
11,....oCzHs p 
/ 'or-H 0 ~l. 5 
AChE_l_ 
(7) 
Furthermore, the steric properties of organophosphorus esters have a strong effect 
on the anticholinesterase activity. Inhibitors that bear substituents varying in. steric size, 
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vary in inhibitory potency (Andersen et al., 1977; Fukuto and Metcalf, 1956 and 1959; 
Wallace and Kemp, 1991). Parallel investigations of anticholinesterase activity and 
alkaline hydrolysis rates using varying alkyl group of ethyl p-nitrophenyl 
alkylphosphonates (Fukuto and Metcalf, 1959), showed that the rate of hydrolysis 
decreased with increased alkyl chain length and with branching in the 1 and 2 positions 
of the alkyl groups. Determination of fly head anticholinesterase activities revealed a rapid 
decreasing inhibition rate of AChE with alkyl phosphonates that contain three to six 
carbon atoms on alkyl moiety (Fukuto, 1990). The effect of this steric hindrance was 
correlated through the logarithmic relationship between bimolecular rate constant and 
Taft's steric substituent constant, Es (Eq. 8) (Hansch and Deutsch, 1966). 
log~= 3.738 Es + 7.539 
(n = 13, s = 0.749, r = 0.901) 
(8) 
In conclusion, a majority of the knowledge of the toxic action of OP's has been 
derived through structure-activity relationships that underscore the importance of both 
steric hindrance and of the electronic properties of the phosphorus atom. However, these 
factors do differ between enzyme species (Wallace and Kemp, 1991). For example, the 
main step in the inhibition of trout brain AChE is similar to that of fly head AChE, where 
the difference in inhibitory potency is revealed in the phosphorylation rate constant (~) 
in proportion to electrophilic strength of the phosphorus atom. Conversely, differences 
in kp were not found in rat and hen brain AChE inhibition, where the important 
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determinant was steric hindrance. 
C. Stereospecific Aspects of OP Insecticide Inhibition of AChE. 
The stereoselective inhibition of AChE by the enantiomers of the 
organophosphorus compound, sarin, was first reported by Michel (1955). Benshop and 
co-workers (1981) also found that the four stereoisomers of soman interact with electric 
eel AChE stereoselectively, showing the stereoselective disappearance of two P(-)-isomers 
from analysis of the reaction mixture by chiral gas chromatography. 
In general, the asymmetric (sp3-tetracoordinated state) phosphorus center can have 
a significant effect on the biological and toxicological activity of organophosphorus esters, 
especially inhibitory potency against cholinesterase and related esterases (Jarv, 1984; 
Benshop and Delong, 1988). These representative investigations of several important 
organophosphorus esters in the inactivation of enzymes have demonstrated the influence 
of chirality at phosphorus upon the mechanism of action and metabolism. Because the 
configuration at the phosphorus atom plays a major role in the inhibition process (Fukuto 
and Metcalf, 1956; Wallace and Kemp, 1991), a subtle change on the phosphorus atom 
may lead to significant differences in the kinetic data. Therefore, a convenient approach 
to ascertain differential stereoselective anticholinesterase potency of organophosphate 
enantiomers is to measure the ratio of bimolecular rate constants in the inhibition reaction 
with the enzyme. In general, AChE shows stereoselective discrimination toward certain 
organophosphate inhibitors, whereas BuChE shows only minor stereoselectivity for chiral 
organophosphates (Delong and Benshop, 1988). For example, the stereoselective 
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inhibition of sarin against AChE is highly pronounced showing a 4200-fold difference in 
the ratio of bimolecular rate constants. Conversely, sarin stereoisomers show only a slight 
difference in the inhibition of BuChE. 
Several related studies show stereoselective inhibition by OP esters (Ooms and 
Bater, 1965; Berman and Leonard, 1989; Hirashima et al., 1984; Franciskovic et al., 
1989). Generally, the S-configuration at phosphorus atom gave more potent inhibitors of 
cholinesterase, and the ratio of bimolecular rate constants increased with the increasing 
size of the alkyl group. As an example, the n-butyl compound in the series of S-alkyl p-
nitro phenoxy methylphosphonothiolates was the more potent inhibitor (Ooms and Bater, 
1965). Conversely, stereoselectivity of cholinesterase inactivation seems to be 
independent of the structure of the leaving group X (Eta, 1974). On the other hand, 
structural differences on the remaining ligand such as bulkiness and hydrophobicity, are 
probably more important for stereoselective inhibition. The relationship between the 
structure of a chiral organophosphate and the stereoselectivity of inhibition was explained 
in the model suggested by Jarv (Jarv et al., 1977; Jarv, 1984). 
Jarv and his colleagues presented a model based on the relationship between active 
sites of cholinesterase and the stereoselective inhibition of organophosphorus esters. In 
their assumption there are two catalytic positions; a basic group (B) activating the serine 
OH group, and an acidic group (HA) involved in hydrogen bond formation with the 
carbonyl oxygen of the substrate or the phosphoryl oxygen of the organophosphate. In 
addition, they proposed two subsites S1 and S2 for the alcohol and acyl moieties of the 
substrates, respectively, while suggesting three subsites S1, S2 and S3 for phosphorylation 
27 
to accommodate the three ligands (Scheme 4). Subsite S3 was involved for the interaction 
with the leaving group, X, and was different from S1 and S2, because the enzyme 
accommodates leaving groups with alkyl chains up to n-octyl. 
Since the spatial locations at the active site are fixed for the leaving group, and 
for the P=O oxygen (hydrogen bond formation to HA) of an organophosphate, one of two 
substituents should fix the sterically restricted subsite S2 of active site. This model 
explains the favorable interaction of enzyme with one enantiomer of organophosphate 
isomers in which two substituents, Y and Z, differ considerably in structure (bulkiness). 
Accordingly, high inhibitory potency is generated when a small (methyl) group is one of 
the substituents on the phosphorus atom. 
Scheme 4. Stereomeric Forms of AChE Following Inhibition 
by Chiral Phosphorus Esters. 
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V. Post-Inhibitory Mechanisms Derived from OP Inhibited AChE. 
As mentioned, organophosphorus compounds react with cholinesterase to form a 
covalent bond with the active site serine (Schumacher et al., 1986). Following inhibition, 
the enzyme generally can recover from this covalent modification via "reactivation." 
Reactivation, or restoration of the enzyme activity, may proceed by way of either 
spontaneous (Eto, 1974; Reiner, 1971) or chemically induced hydrolytic 
dephosphorylation (Aldridge and Davison, 1953; Davison, 1955; Wilson et al., 1992). 
Alternatively, an inhibited enzyme that is found reluctant to reactivate may have been 
dealkylated at a ligand rendering the enzyme irreversibly inactivated or "aged" (Hobbiger, 
1955 and 1957; Berends et al., 1959). In addition to aging, reactivation can be blocked 
owing to the inability of the enzyme to regain the conformationally active form following 
inhibition. This alternative process can be called non-reactivation (Thompson et al., 
1992). Reactivation, aging, and non-reactivation processes are termed "post-inhibitory" 
events. 
The rate of reactivation, aging, and non-reactivation processes are dependent upon 
the structure of the inhibitor, enzyme species, pH, temperature and ionic strength (Berry 
and Davies, 1966; Sun et al., 1979; Michel et al., 1967; Keijer et al., 1974; Lanks and 
Seleznick, 1981; Lieske et al., 1990; Wallace and Herzberg, 1988). The extent of 
reactivation, aging, or non-reactivation can be evaluated by the rate constants ko 
(spontaneous reactivation), koxime (oxime-mediated reactivation), kAG (aging), or kNR 
(non-reactivation) (Eq. 9). In many studies, the rate constants of post-inhibitory 
mechanism were derived graphically from lines, e.g. such as those expressed in plots of 
30 
time vs log % remaining inhibition, or log % reactivation, respectively (Clothier et al., 
1981). 
Reactivation (lea or koxime) 
En-OH + Y(Z)P(O)X 
-
-
[En-OH • Y(Z)P(O)X] 
Ko 
kp 
--+ En-0.P(O)(Y)Z 
lj No~~reactivation (kNR) 
Aging(kAo) 
En-0.P(OXY)O" 
(9) 
In the following section, each post-inhibitory process will be individually discussed. 
A. Spontaneous Reactivation. 
When phosphorylated serine hydroxyl moiety of AChE is "spontaneously" 
hydrolyzed by water (which aids the displacement of the phosphoryl moiety) leading to 
scission of the phosphoryl-serine bond, the process is considered as "spontaneous 
reactivation" or dephosphorylation (Eq. 10). 
0 H20(0H) II ~/Pu 
AChE~ Spontaneous reactivation 
OH 
AChE_J_ 
0 
II 
+ X-P-OH 
I (10) y 
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The rate of spontaneous reactivation depends upon the nature of the remaining 
phosphorus ligands and the source of the enzyme. The rate of reactivation can be 
expressed with regard to the catalytic activity, which corresponds to the amount of 
phosphoryl groups hydrolyzed off the enzyme per minute, or expressed in terms of the 
half-life (Eto, 1974). The spontaneous reactivation hydrolysis rates of phosphorylated 
cholinesterases are slower than those from carbamylated enzymes (from the reaction 
between carbamate inhibitors and cholinesterases) (Eto, 1974; Reiner, 1971), and 
significantly slower (107 to 109 times) than reactivation following acetylation by ACh. 
Early studies linking pH to the rate of spontaneous reactivation were done by 
Wilson (Wilson et al., 1958), where the maximum rate values were obtained at pH 8 in 
1.0 M sodium chloride and at pH 9 in 0.02 M sodium chloride. However, Lieske and co-
workers discovered that the minimum spontaneous reactivation of phosphinylated eel 
AChE and bovine erythrocyte AChE occurred at pH 7.6 and the maximum value at pH 
9.5 for inhibited bovine erythrocyte AChE and pH 6 for inhibited eel AChE (Lieske et 
al., 1990). 
The effect of alkyl substituents upon reactivation was also studied. Spontaneous 
reactivation does not occur at all for diisopropoxyphosphinylated cholinesterase (Eto, 
1974) or S,S-dimethyl-and S,S-diethylphosphorothiolated enzymes (Clothier et al., 1981). 
The rate of spontaneous reactivation of inhibited eel AChE by phosphoramidates increases 
with increasing electronegativity in the alkoxy moiety and proceeds 2-4 times faster at 37 
°C than at 25 °C (Langenberg et al., 1988). Dimethoxyphosphonyl groups of inhibited 
AChE reactivate more readily than diethoxyphosphonyl inhibited AChE (Eto,_ 1974; Gallo 
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and Lawryk, 1991). Additionally, the turnover number of diethylphosphate is one billion 
times less than that of acetylcholine. Thus, even though the fundamental reactivation 
mechanism of acetylcholinesterase modified by organophosphorus compounds is identical 
with AChE acetylated by acetylcholine, organophosphorus esters act as inhibitors, while 
acetylcholine behaves as a substrate. 
B. Oxime-mediated Reactivation. 
Because the reactivation of a phosphorylated enzyme occurs via a nucleophilic 
displacement at the phosphorus moiety of the covalently bound enzyme, the reactivation 
can be promoted by strongly nucleophilic agents, as for example, with oximes. The 
process is then termed "oxime-mediated reactivation." In general, hydroxylamine and its 
derivatives, such as 2-PAM, have higher nucleophilic affinity than H20 due to an a-
effect, which results from donation of a lone pair of electrons on the adjacent atom. 
Wilson discovered that nucleophilic agents such as hydroxylamine (H2NOH), hydroxamic 
acids (RCONHOH), and oximes (RCH=NOH) reactivate the enzyme more rapidly 
compared to spontaneous reactivation (Wilson, 1951). In his study, it was mentioned that 
the interaction of a quaternary nitrogen of a pyridinium 2-oxime with the anionic site of 
active site brings the nucleophile in proximity to the phosphorus group. Wilson and 
Ginsberg (1955) devised and studied the action of the potent reactivating agent, 2-pyridine 
aldoxime methiodide (2-PAM) (Eq. 11). 
koxime 
Oxime-
mediated 
reactivation 
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(11) 
Certain bis quaternary oximes, e.g. N,N' -trimethylenebis(pyridinium-4-aldoxime (TMB-4; 
Fig. 10) (Hobbiger and Vojvodic, 1966) and nonquaternary reactivators, such as 1,2,4-
oxadiazol-5-aldoxime (Fig. 10) (Bedford et al., 1986) also were shown to be potent 
reactivators. 
NOH NOH 
II II 
CH CH 
TMB-4 
R 
N 
OH 
/ 
0 ~ ~'('z 
z =Hor SCHzCHzN(CzHsh + HCI 
1,2,4-0xadiazol-5-aldoxime 
Figure 10. Reactivating Agents. 
The relative nucleophilicity of all reactivating agents are controlled by factors such 
as basicity, polarizability, and the a-effect (Wilson and Froede, 1971). Addi_tionally, the 
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increased rate of reactivation caused by certain agents is markedly dependent upon pH 
(Davies and Green, 1956). For example, the reactivating efficiency of fluoride, which is 
also a good reactivator (Heilbronn, 1965), is increased with decreasing pH, in contrast to 
reactivation by oximes. 
As with the spontaneous reactivation, the efficiency of the reactivation depends 
both upon the enzyme source (Miller et al., 1984), and upon the structure of the 
phosphorus moiety attached to the enzyme. A stable phosphorylated enzyme will be 
reluctant to be reactivated by oximes, as evidenced by the inhibition of 
acetylcholinesterase with the nerve agent, ethyl dimethylphosphoramidocyanidate (fabun) 
(DeJong and Wotring, 1978), which does not undergo reactivation. 
Moreover, oxime-mediated reactivation was also faster when smaller alkyl groups 
are present as ligands, and the same relative ease of spontaneous reactivation was found; 
dimethylphophonylated enzyme > diethylphosphonylated enzyme > 
diisopropylphosphonylated enzyme (faylor, 1985). In general, the nucleophile needs to 
be attracted to an electrophilic P-atom. Therefore, when the remaining ligands are 
electron-donors, reaction is slow, and when they are electron-withdrawing, the reaction 
should be relatively fast. 
In addition, the rate of oxime-mediated reactivation increases with increasing 
electronegativity of the substituted group, e.g., -COCHiCHiCI < -COCH2CHiF < 
-COCH2CF3 (Langenberg et al., 1988). 
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C. Aging and Non-reactivation. 
Some phosphorylated cholinesterase are not reactivated by oximes after a certain 
amount of time has passed following phosphorylation. This phenomenon, first explained 
by Hobbiger (1955), is called "aging". Aging is probably due to the loss of one alkyl 
group either by enzyme-mediated or nucleophile-mediated dealkylation (such as 
demethylation) (Eq. 12), leaving a much more stable monoalkyl- or monoalkoxy 
phosphorylated AChE (Fleisher and Harris, 1965; Eto, 1974). The rate determining step 
in this process is probably unimolecular fission of the alkyl oxygen bond. 
0 HzO(OH) 0 
II~ 0 II - - (12) X-P-0-Y kAG X-P-0 + y / / 0 Aging 0 
AChE_l__ AChE_l__ 
ff the phosphorylated enzyme is aged, it is then refractory to reactivation due to the 
charge (phosphate anion) repulsion between the phosphate group and possible incoming, 
reactivating nucleophiles. As with reactivation, the rate of aging is remarkably affected 
by the nature of the ligand alkyl group. Diethoxyphosphinyl acetylcholinesterase 
undergoes aging very slowly, but methyl, secondary alkyl, and benzyl esters undergo 
aging much more rapidly (Eto, 1974). Tertiary alkoxy phosphonylated enzymes are more 
readily aged than the primary or secondary congeners (Aldridge, 1976). 
AChE that is resistant to reactivation also may result from "non-r~activation" 
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(Thompson et al., 1992). Since the hydrolysis of phosphorus-enzyme linkage cleaves the 
P-0 bond it does not fit this description of an aging-type dealkylation (Maglothin et al., 
1975). Other possible causes of non-reactivation include: (A) the phosphorylated active 
site of some enzymes are less accessible to reactivating nucleophiles due to steric 
hindrance, (B) covalent modification of a residue other than serine (Mullner and Sund, 
1980), and (C) denaturation. These post-inhibitory processes lead to an inactive enzyme, 
but are not identical to an aging reaction. Thus, these mechanistic processes can be 
categorized as an inability or non-reactivation rather than aging. This non-reactivation 
mechanism better explains the total amount of any inactivated enzyme as a more broad 
description. The extent of non-reactivation can be estimated by the rate constant, kNR· 
Non-reactivation also depends upon the nature of phosphate inhibitor (Thompson et al., 
1992). 
D. Stereochemical Aspects of Inactivation, Reactivation and Aging (Non-Reactivation). 
The configuration of the phosphorylation moiety formed by the inhibition of AChE 
by asymmetric or racemic organophosphorus compounds also influences the subsequent 
reactivation of phosphorylated enzyme (Delong and Weiring, 1984; Keijer and Weiring, 
1969; Clothier et al., 1981; Bucht and Puu, 1984; Benshop and Delong, 1988; Berman 
and Leonard, 1989; Berman and Decker, 1989). Berman and Decker showed that the 
phosphorus configuration of a phosphonylated enzyme corresponded with the starting 
configuration of the alkyl methylphosphonate inhibitor (Berman and Decker, 1989). The 
chiral phosphonylated enzymes can be formed via by three possible pathways (Scheme 
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5). 
Path 1 illustrates a direct displacement mechanism, where the serine hydroxyl 
moiety attacks at a face of the phosphorus tetrahedron opposite the leaving group (SR) 
to form a transition state. In this case, the product leads to inversion of configuration. 
Paths 2 and 3 indicate that the reaction may take place through formation of trigonal 
bipyramidal intermediates, which can undergo ligand interchange via pseudo-rotation. 
When attack occurs at the face opposite the leaving group, and if the expulsion of the 
leaving group is faster than pseudo-rotation, the product leads to inversion of 
configuration (path 2). In contrast, attacking at the face adjacent to the leaving group 
requires pseudo-rotation to lead to an overall retention configuration (path 3) (Knowles, 
1980; Lowe et al., 1981). The products formed in path 1 and path 2 are not 
distinguishable. 
~" 
Scheme 5. Stereospecific Mechanism of Inhibition of AChE 
by Organophosphorus Esters. 
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The role of phosphorus configuration upon the post-inhibitory reactions of 
enzymes inhibited by asymmetric phosphorothiolates also was studied and the differences 
in rates of reactivation were determined (Thompson et al., 1992; Berkman et al., 1993). 
The resultant differences in reactivation rates correspond to the initial phosphorus 
configuration. Preferential reactivation of enzyme inhibited by one isomer can also be 
explained by a stereoselective inhibition mechanism, because the reactivation mechanism 
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must be conserved. It is likely that both reactions involve the subsites S1 and S2 where 
one isomer can fit these subsites preferentially (Figure 11, see Scheme 4). Different 
groups are accommodated by the third subsite S3 during inhibition (leaving group) and 
reactivation (nucleophile) (Jarv, 1984; Delong and Benschop, 1988). 
Figure 11. Stereoisomeric Forms of Inhibited AChE 
in Post-inhibition. 
As the stereoselective inhibition seems to be independent of leaving group, the 
stereoselective reactivation is also independent of nucleophilic agents. Namely, the steric 
constitution about the phosphorus atom controls rate differences in reactivation. In this 
connection, the pronounced stereoselective reactivation has been observed with BuChE 
inhibited by sarin and by its cyclohexyl analogue (Berends, 1964). No stereoselective 
reactivation of these two phosphates was obtained (Bater and Dijk, 1969). This might 
indicate more strict steric properties for reactivation than for inhibition. 
Aging, dealkylation at a phosphate ester group, is another postinhibitory 
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mechanism that is dependent upon the stereoselective nature of phosphorus atom on the 
inhibited enzyme. For example, the rates of aging for AChE and BuChE inhibited by one 
stereoisomer of cyclopentyl and isopropyl methylphosphonate as well as for BuChE 
inhibited by one enantiomer of cyclohexyl and 1, 1,2-trimethylpropyl methylphosphonate 
were measured. In contrast, the rate of aging for enzyme inhibited by the other 
enantiomer of these same phosphonates were negligible (Keijer and Wolring, 1969; 
Berends, 1964). Similar results were obtained in the investigation of Berman and Decker 
(Berman and Decker, 1989). 
Chirality at the a-carbon atom of 1-methylheptyl methylphosphonylated AChE and 
BuChE and 1,1,2-trimethylpropyl methylphosphonylated BuChE showed a minor effect 
on the aging rate (Keijer and Wolring, 1969), as did the configuration at the a-carbon of 
1,1,2-trimethylpropyl methylphosphonylated AChE (DeJong and Wolring, 1984 and 1985). 
This might indicate that more strict steric congestion of one isomer makes aging less 
favorable. 
Consequently, the rates of reactivation and aging are more dependent upon the 
configuration at the phosphorus atom than the ligand atom. 
CHAPTER2 
STATEMENT OF GOALS 
During the past four decades, more than 50,000 different pesticides have come into 
use (Davies, 1987). A plurality of serious health problems are concerned with these 
organophosphorus pesticide exposure, especially the public health risk associated with 
direct exposure and to exposure to impurities generated from the isomerization of 
phosphorothionates during the manufacture or storage of insecticides. Such isomerization 
frequently steers to the bioactivation of a substrate that may further enhance the toxicity 
of pesticides to warm-blooded mammals. Also, the isomerization generates an 
asymmetric center at the phosphorus atom, resulting in the stereoisomers that must be 
examined for stereoselective inhibition and post-inhibition processes. Undesired chemical 
alterations would have obvious important consequences for present and future 
agrichemical and domestic application. Therefore, we have selected isoparathion methyl 
as a representive model of O,S,-dimethylphosphorothiolate impurities (Fig. 12) to study 
the stereoselective inhibitory and post-inhibitory mechanisms. Since popular 
phosphorothionate insecticides, such as fenitrothion, parathion methyl, and malathion all 
yield phosphorothiolate impurities that differ only at the leaving group, X, and form a 
phosphorus stereo center, this project seeks to determine the contribution of 
phosphorothiolates to the OP toxicity profile. In route to this aim, we intend _to study the 
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chemistry and biochemistry of phosphorothiolates. 
Figure 12. Isoparathion Methyl Enantiomers. 
Several chiral phosphorus esters have been synthesized (Hilgetag and Lehmann, 
1959; Koizumi et al., 1978; Takahashi et al., 1990), mostly through conventional 
approaches devised for the corresponding carboxylic esters. Therefore, we first sought 
to prepare chiral isoparathion methyl enantiomers by methanolysis of corresponding 
diastereomeric phosphoramidates. However, classical acidic methanolysis (Hall and Inch, 
1979; Koizumi et al., 1978) of diastereomeric thiomethyl phosphoramides gave poor 
yields of the corresponding P-OCH3 compounds. Thus, as an alternative pathway, the use 
of Lewis acid, namely BF3-MeOH complex is anticipated to access chiral isoparathion 
methyl antipodes. Unlike isoparathion methyl enantiomers, racemic isoparathion methyl 
can be prepared by isomerization based upon dealkylation and realkylation of parathion 
methyl (Thompson et al., 1989). Further, racemic isoparathion methyl also can be 
prepared as a substrate, since commercial materials would contain the racemate. 
The degree of specificity showed variation with both the structure of the inhibitor, 
and the enzyme source. The effect of a structural change of organophosphorus substrate 
upon the stereospecificity of enzymatic hydrolysis may be exemplified by the fact that a 
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phosphorylphosphatase (Ppase) selectively hydrolyses one of the stereoisomers of tabun 
(6; Fig. 3) (Hoskin and Trick, 1955). But ppase apparently showed little or no specificity 
toward sarin (7; Fig.3) (Adie et al., 1956). Aaron and co-worker (1958) demonstrated that 
an enzyme structure determines its inherent sensitivity to stereochemical differences 
between two opposite configurations of an inhibitor. Furthermore, the extent of inhibitory 
process depends greatly upon the nature of the phosphate inhibitor and the particular 
enzyme studied (Hirashima et al., 1984; Fukuto, 1990; Thompson, 1992). With respect 
to the stereoselective action between enzymes and inhibitors, we can propose a unique 
chiral phosphorylated enzyme upon reaction with a single enantiomer, despite the process 
(retention or inversion) or X-group as shown for isoparathion methyl (Scheme 6). 
Scheme 6. Phosphorylation of AChE by Chiral Isoparathion Methyl. 
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Phosphorylation of cholinesterase by phosphorothiolates occurs via a general mechanism; 
ejection of the leaving group, resulting in the formation of a chiral O,S-
dimethylphosphorothiolated enzyme. Therefore, in the second stage of our study, the 
stereoselective inhibitory potency of isoparathion methyl against five cholinesterases will 
be measured using an Ellman assay. Moreover, this inhibitory potency will be 
presumably differentiated by distinct enzyme sources. 
Following phosphorylation of AChE, the inhibited enzyme may undergo 
spontaneous reactivation by water (H20/0H") or chemically induced reactivation with 
nucleophile agents. Alternatively, the inactivated AChE may undergo aging or non-
reactivation processes. In particular, stereochemistry at phosphorus atom influences the 
post-inhibition. It was revealed by the fact that the extent of post-inhibition of an enzyme 
inhibited by phosphonates (P-C linkage) was different between stereoisomer sets (DeJong 
and Wolring, 1984; Clothier et al., 1981). In the last stage, we will be able to evaluate 
the stereospecific postinhibitory mechanism of action of AChE inhibited by isoparathion 
methyl enantiomers. The results could demonstrate the general influence of the 
configuration around phosphorus atom in the inhibitory and post-inhibitory mechanism 
of action of phosphorothiolates. 
CHAPTER3 
RESULTS AND DISCUSSION 
I. Synthesis of Isoparathion Methyl. 
The isomerization of 0,0-dimethyl phosphorothionate pesticides to O,S-dimethyl 
phosphorothiolate impurities results in the formation of an asymmetric center at the 
phosphorus atom. The configuration of phosphorothiolates should play a major role in 
the inhibitory and post-inhibitory mechanism of action. Therefore, chiral isoparathion 
methyl was chosen to represent the inhibition of AChE by O,S-dimethyl phosphorothiolate 
isomers, and their syntheses and obvious first step. Racemic isoparathion methyl also was 
prepared for comparative purposes. 
A. Preparation of Racemic Isoparathion 14( +/-). 
Racemic isoparathion methyl 14(+/-) was prepared via reaction of parathion methyl 12 
with potassium ethyl xanthate 13, followed by dimethyl sulfate (DMS) (Scheme 7). The 
product was purified by flash chromatography using petroleum ether:ether = 1:3 and the 
identification of the product was confirmed by 1H NMR, showing two doublets 
corresponding to -SCH3 and -OCH3 groups at 2.36 and 3.96 ppm, respectively. The yield 
was increased when the reaction was performed under an argon atmosphere with 
absolutely dry reagents and solvent. Enantiomeric detection of 14(+/·) into 14(+) and 
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14(·) with lanthanide shift reagents (Eu(hfc)3; Yb(fod)3) was not successful at either 60 
or 300 MHz NMR field strengths. 
Scheme 7. Synthesis of Racemic Isoparathion Methyl 14( +/-). 
s 
II 
+ E1oc-s·K+ 
12 13 
Ar 
acetone 
reflux 
0 OiN-0-' O-~-SCH3 
- I 
OCH3 
14(+/-) 
B. Preparation of Enantioenriched Isoparathion Methyl 14(+) and 14(-). 
To prepare isoparathion methyl enantiomers 14(+)/14(-), starting material 16 and 
intermediate products 17a/l 7b were required. The discussion of their syntheses is 
presented below. 
S-Methyl dichlorophosphorothiolate 16 (Lubkowitz et al., 1974; Quistad et al., 
1970) was prepared via reaction of phosphorus thiochloride 15 with methanol in benzene 
to afford 0-methyl phosphorothionate 15a, followed by isomerization at 100 °C (Scheme 
8). This reaction illustrates the thermal rearrangement route which also considered for 
the insecticide rearrangement. The product was purified by distillation and identified by 
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lH and 31P NMR, which showed a doublet corresponding to the P-SCH3 at b 2.63 ppm 
in the 1H NMR and a peak at 38.45 ppm in the 31P NMR, while the starting compound 
15a showed the P-OCH3 at b 4.00 ppm and 60.64 ppm, respectively. 
Scheme 8. Preparation of S-Methyl Dichlorophosphorothiolate 16. 
s s 0 
II CaO I acridine II 100°c II CI-P-CI + CH30H CH30-P-a CH3S-P-CI I dry-benzene I I 
a CI a 
15 15a 16 
Intermediate products, O-p-nitrophenoxy-N-[(2S)-2(carboethoxy)pyrrolidyl)]-S-
methyl phosphoramidothioates 17a/l 7b were prepared by the sequential reaction of S-
methyl dichlorophosphorothiolate 16 with /-proline ethyl ester and p-nitrophenol to give 
an 81 % yield of diastereomers 17a/l 7b (Scheme 9). The diastereomers l 7a/l 7b were 
separated by flash chromatography using petroleum ether:ether/1:2 as eluent. The purity 
was determined by HPLC and 31P NMR showing greater than 99% purity. The identity 
of the products also were confirmed by spectral and elemental analyses. The 
diastereomers revealed a 0.2 ppm difference in the 31P NMR (17a; b 30.77, 17b; b 
30.46). 
Using Koizumi and coworker's method (1977 and 1978) (Scheme 2 on p. 15), we 
tried to prepare the individual isoparathion methyl enantiomers 14(+)/14(-) via reaction 
of the corresponding 0-p-nitrophenoxy-N-[ (2S)-2( carboethoxy )pyrrolidyl) ]-S-methyl 
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phosphoramidothioates l 7a/l 7b with acidic methanol using many different reaction 
conditions (fable 1). 
Scheme 9. Synthesis of Chiral Isoparathion Methyl 14(+) and 14(-). 
Oii 1. /-proline 
ethyl ester 
CH3S-P-CI ------t 
· I 2. p-nitrophenol 
Cl 3. seµuate 
16 
l 7b. ~· (ct)=-49. 7 °c 
0 
BF3-MeOH II 
CH30-P-SCH3 
('YA 
02N~ 
14(+). ~· [ct]=+30.5 °c 
14(-). SP' (cxJ=-30.5 °c 
However, multiple reactions of 17a or 17b with methanolic HCl led to a disappointing 
(10-20%) yet enantiomerically enriched ([a ]22 D = +/- 24°) yield of chiral isoparathion 
methyl antipodes. An advanced effect on the outcome was not obtained in exhaustive 
experimental control of the acid concentration, acid type, duration, temperature, co-solvent 
and combination of these variables (Table 1). In most cases, production of sulfides were 
detected, indication scission of thiolate moiety. Similarly, Casida and coworkers (1984) 
described a modest 20% yield for the acidic methanolysis of a related 
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phosphoramidothiolate with additional confirmation for the difficulty of this 
transformation. 
Table 1. Methanolysis of Phosphoramidothiolates 17a/l 7b. 
solvent reagent catalyst temp. (0 C) result(%) 
Me OH 3M HCl in MeOH rt 10.7 
45 17.1 
0 to rt -a 
2M HCl in MeOH rt 
lM HO in MeOH S.M.b in MeOH reflux 
rt 
lM H2S04 in MeOH S.M. in MeOH reflux 
rt 
Me OH HCl reflux 
H2S04 reflux 
CF3C02H rt 
benzene Me OH H2S04 reflux 
DME MeOH H2S04 reflux 
THF Me0H/BF3Et20 rt 
MeOH or neat BF3-Me0H reflux or rt 75 
a Reaction was not completed. b S.M. were 17a/l 7b. 
Recent investigations showed that boron trifluoride effectively promoted the 
reaction of imines with organolithium (Thompson et al., 1988). It occurred to us that 
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boron trifluoride also might serve to weaken the P-N linkage toward methanolysis without 
interfering with the ester or thiol ester groups 
Reaction of the each diastereomer (17a/17b) with BFrmethanol complex gave the 
corresponding chiral isoparathion methyl 14(+) ([a]220 = +30.5° c 0.75, MeOH)/14(-) 
([a]220 = -30.5° c 3.06, MeOH) in 75% yield (Scheme 9). The 14(+) isomer has the RP 
configuration, analogous to that assigned for sulprophos (Hirashima et al., 1984). 
Based upon the previous acidic methanolysis, which proceeds with inversion of 
stereochemistry, the reaction of BF3-MeOH complex was presumed to occur by inversion 
of configuration giving a slightly higher degree of optical purity compared to chiral 
isoparathion methyl prepared by a methanolic HCl method. However, the rotations of 
both isomers were somewhat lower than those of materials prepared from the 
diastereomeric strychnine salts (lit. [a]210 = +35.0°) (Hilgetag, 1959). With respect to 
this outcome, we reexamined this previous preparation in detail (Scheme 10). 
Scheme 10. Preparation of Chiral Isoparathion Methyl 
via Reaction of (-)-Strychnine Salt. 
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The reaction of an equimolar amount of (-)-strychnine with parathion methyl 12 in 
refluxing methanol led to the dealkylated, diastereomeric thioacid salts 12a([ a]26 D = 
-22.9°, c 0.45, MeCN) and 12b ([af60 = +23°, c 0.1, MeCN). Fractional crystallization 
(MeOH and MeCN, respectively) yielded an individual diastereomer salt. The purity of 
each diastereomer salt was examined by 31P NMR (C> = 55.86 ppm) doping experiments 
showing that each was at least 98% pure (limit of signal/noise detectability). Reaction 
of the individual salt or free acid with dimethylsulfate directly afforded isoparathion 
methyl 14(-) ([a]26D = -30.7°, c 1.85, MeOH) and 14(+) ([a]260 = +30.2°, c 1.15, 
MeOH), resulting in rotations sufficiently similar to those obtained by BF3-MeOH 
promoted methanolysis of diastereomeric amides. These results indicate that both the 
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stereochemical character and stereochemical path of products derived from the BF3-
MeOH method are conserved. 
In summary, BFrMeOH complex is an effective and worthwhile alternative to 
acidic methanolysis of diastereomeric phosphoramides, giving higher yields, is easier to 
manipulate, is commercially available, and is the reagent of choice for the preparation of 
enantioenriched phosphorothiolates. 
II. Syntheses of O,S-dialkyl phosphorothiolates. 
The utility and scope of BF3-Me0H complex, in phosphonamidate methanolysis 
was further explored. Various phosphoramidates 19a-j were prepared (vide infra) and 
their structures and purity confirmed by 1H and 31P NMR and GC. O,S-
Dimethylphosphoramidothiolate 19a (Table 2) was prepared by reaction of O,S-
dimethylphosphoridochloridate with ammonia (Lubkowitz et al., 1974; Quistad et al., 
1970). Phosphoramidothiolates 19b-19c were synthesized via dealkylation of the 
corresponding thionates with potassium ethyl xanthate (PEX), followed by realkylation 
with dimethylsulfate (DMS) (Thompson et al., 1989) (Eq. 13). 
1. PEX (13) 
2.DMS 
18 19b,c 
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Table 2. Physical and Spectral Data for BF'.\-Promoted Methanolysis of Substrates 19a-j. 
entry X y z Ri R2 31P(b) GC(min) 
19a McO MeS 0 H H 36.05 4.97 
19b McO MeS 0 H Bn 37.49 8.11 
19c McO Mes 0 Me Me 39.18 4.21 
19d PhO N(Me)i 0 Me Me 16.46 6.80 
19e EtO N(Me)2 0 Me Me 20.08 4.14 
19f PhO Ph 0 Me Me 23.55 a 
19g MeO MeO s H Bn 75.75 7.33 
19h MeO MeO s Me Me 81.25 3.44 
19i EtO EtO s Me Me 77.08 4.26 
19j EtO EtO s H Bn 71.71 7.92 
a. not determined. 
Extended reflux time and two equivalents of potassium ethyl xanthate (PEX) were 
required to accomplish complete dealkylation, which is longer than previously reported 
for di- and triesters (Thompson, 1989). In certain cases, the amide may be deprotonated 
by the first equivalent of PEX, or the electron-rich phosphoramidates are more reluctant 
to react. Bis-N,N-dimethyl phosphoramidates 19d-19e were accessed by reaction of bis-
(dimethylamino)phosphorochloridate with sodium phenoxide or ethoxide, respectively. 
Phosphonamidate 19f was prepared in 66% yield by sequential addition of 
phenylphosphonic dichloride and excess dimethyl amine to the sodium salt of phenol in 
THF. Phosphoramidothionates 19g-19j were synthesized in 68-85% yield via reaction of 
the requisite amines with the corresponding phosphorochloridothionate (Michaelis, 1903). 
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Most sulfur-containing phosphoramidates reacted with boron trifluoride-methanol 
complex (BF3-Me0H) chemoselectively at room temperature (Eq. 14). 
19a-j 
z 
II 
X-P-OCH3 
I y 
20 
Table 3. Conversion of PNR1 R2 to POCH3. 
entry yield (%) 31p (b) GC (min) 
20a 74 33.08 3.46 
20b 86 33.08 3.46 
20c 80 33.08 3.46 
20d 89a -3.37 5.57 
20e 54a 1.83 2.72 
20f 84 17.42 b 
20g 67 73.40 2.66 
20h 62 73.40 2.66 
20i 70 69.85 3.55 
20j 65 69.85 3.55 
ay = MeO in product. b. not determined. 
(14) 
The addition of 10 equivalents of BF3-MeOH complex to phosphoramidat_e solutions 
allows for quantitative conversion to form the corresponding phosphate methyl ester 20 
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in 54 to 89% yield following purification (fable 3). Product was identified by 
comparison to authentic materials prepared by alternate pathways, and by spectral 
analysis, such as 31 P NMR and GC. Conversion of amidates into phosphorus methyl 
esters caused a small 31 P NMR shift (except diamidates ), and shorter GC retention times. 
Thionates were tested because amide-ester interchange had been problematic for this 
class owing to partial rearrangement to the thiolate under strongly acidic conditions. This 
rearrangement was not detected when BF3-MeOH was used. Primary (19a), secondary 
(19b, 19g, and 19j), and tertiary (19c-f and 19h-i) phosphoramides all were converted to 
the corresponding methyl esters. Diamidates 19d and 19e also were converted to the 
dimethyl esters but the triamide, hexamethy.I phosphoramidate (HMPA) did not react after 
96 h. Steric hindrance and/or the highly electron-rich phosphorus atom probably made 
the methanolysis unfavorable. 
Consequently, BFrMeOH has been shown to be a useful reagent for this difficult 
transformation (Ryu et al., 1991). It allows the favorable conversion of phosphoramidates 
to the corresponding methyl ester. 
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Ill. Stereoselective Inactivation of AChE by Racemic and Chiral lsoparathion 
Methyl 
A probable cholinesterase inhibition pathway by phosphorothiolates (11, Eq. 3) 
generates an O,S-dimethyl phosphorothiolated serine hydroxyl moiety by ejection of a 
leaving group X (Scheme 11) in a manner analogous to the acetylation of AChE (Scheme 
3 on p. 17). 
Scheme 11. Cholinesterase Inhibition by Phosphorothiolates. 
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Unlike the acetylation of AChE, the majority of inhibition of the enzyme is not readily 
reversible and/or only some of enzyme activity recovers following dephosphorylation by 
water (defined as spontaneous reactivation in Section IV). Further, the chirality of 
phosphorus atom would affect the nature of this inhibition, resulting in the stereoselective 
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inhibitory rates. Regardless, the stereochemical aspect of the phosphorylation should be 
conserved, despite different leaving groups, X, or the process (inversion or retention). 
Since p-nitrophenol group is an excellent leaving group, the stereoselective mechanism 
of action of phosphorothiolates was presumably represented by the inhibition of 
isoparathion methyl antipode. As usual, the extent of stereoselective inhibition should be 
revealed by the kinetic parameter, ki. 
The bimolecular inhibition rate constants, ki, were determined for isoparathion methyl 
14 against four different cholinesterases including rat brain acetylcholinesterase at 25 °C 
and 37 °C. The k/s were calculated according to eq. 17 (on p. 93) and summarized in 
Table 4. Studies at different temperatures were addressed to estimate this particular 
contribution to the inhibitory potency of the stereo isomers. (-)-Isoparathion methyl 14(-) 
exhibited three to fifteen times greater inhibitory potency than 14(+). All inhibition 
constants were significantly different between the isomers and the racemate (t-test 
confidence level= 99%). Racemic isoparathion methyl 14(+/-) showed approximately the 
average (calculated value) of inhibitory potency of the individual antipodes, although they 
showed a slight deviations from the calculated value in some cases. Proof that this 
difference is not due to traces of a more active phosphorothiolate present with the 14(-)-
isomer may be found in the fact that the rate constants for the racemic mixture were, in 
each case, the mean of the values for the two resolved forms. The sensitivity of the 
varied enzyme sources to chiral isoparathion was revealed with a range in ki of 60-fold 
for the 14(+)-isomer and about 15-fold for the 14(-)-isomer. Of these, the rat brain 
enzyme source was the most sensitive and electric eel the least, which means _that the rat 
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brain enzyme is best able to discriminate the stereoisomers with a "tighter" active site. 
However, we were unable to obtain an accurate ki value for the 14(-)-isomer against 
electric eel acetylcholinesterase (EEAChE). Because longer incubation time with the 
inhibitor led to increased enzyme activity, spontaneous reactivation is probably 
responsible, in part, for this difficulty. The similar ki differences between solubilized and 
homogenate rat brain cholinesterases were shown. A remarked discrimination for the 14(-
) at 25 °C was found for both enzyme sources. A number of the enzymes distinguish 
similarly between the stereoisomer sets at 37 °C. Yet, human erythrocyte cholinesterase 
among enzyme sources discriminates with a minimal ratio between isomers. Human 
erythrocyte cholinesterase may be less stereoselective due to more facile esteratic site 
access. 
Table 4. Isoparathion Methyl Enzyme Inhibition Constants (k;; M-1min-1). 
difference racemic, 
enzyme ( +)a,b (-)a,b (-)/( +) cal ed. racemic, found dev. %c 
rat brain AChE (solubilized) 
25 °C 2.10 x 104 (0.041) 3.26 x 10-"i (0.025) 15.5 1.74 x 105 1.90 x 1o5 (0.027) 9.2 
37 °C 7.68 x 104 (0.023) 6.34 x 10-"i (0.040) 8.3 3.55 x 105 4.16 x 10-"i (0.010) 17.2 
rat brain AChE (homogenate) 
25 °C 2.06 x 104 (0.067) 3.15 x 10-"i (0.057) 15.3 1.68 x 105 1.82 x 10-"i (0.022) 8.3 
37 °C 7.14 x 104 (0.053) 4.34 x 1o5 (0.041) 6.1 2.53 x 105 2.91 x 10-"i (0.020) 15.0 
human erythrocyte AChE 
37°C 2.24 x 1 D4 (0.097) 6.15 x 1D4 (0.060) 2.7 4.20 x 104 4.38 x 104 (0.074) 1.6 
bovine erythrocyte AChE 
37 °C 6.18 x 103 (0.017) 4.35 x 1D4 (0.009) 7.0 2.48 x 104 2.30 x 1 o4 (0.028) 7.3 
horse serum BuChE 
37 °C 1.21 x 104 (0.008) 6.81 x 1D4 (0.019) 5.6 4.01x104 4.20 x 1 o4 (0.048) 4.7 
electric eel AChE 
25 °C 6.42 x 102 (0.005) d 
8 Coefficient of variation = SD/x. b t test confidence level of 9<J.9 %. c Deviation % = [(calcd-found)/calcd) x 100%. 
d Not determined. 
Vl 
\C 
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To further evaluate the kinetic analyses of inhibition against solubilized rat brain 
cholinesterase, progressive inhibition of the enzyme was measured at seven or eight 
different inhibitor concentrations and typical kinetic data, ki, Kn, and ~ were calculated 
using eq. 18 (on p. 94) and summarized in Table 5. In all reactions, the decrease in AlnV 
was a linear function with the time of inhibition and the first order rate constant ki's were 
obtained from the slope of these lines. The stereoselective inhibitory action was 
demonstrated to be linked to the Kn values (dissociation constants). The inhibitors 
associate with AChE via Coulombic forces between the electron-deficient phosphorus 
atom and a nucleophilic center within the esteratic subsite of the enzyme. The 
dissociation constant (Kn), which reflected the formation of this complex, is restricted by 
steric hindrance, possibly suggesting the finite dimensions of the esteratic subsite of 
AChE (Anderson et al., 1977; Fukuto and Metcalf, 1959). The ~· (phosphorylation 
constants) were not significantly different, which means that once the irreversible complex 
between inhibitor and enzyme· is formed, the phosphorylation proceeds rapidly and is 
independent of the chirality of the inhibitor. This result is consistent with the fact that 
whereas the chirality affects the three-dimensional configuration and is compatible with 
the different Kn values observed for the enzymes examined, the electronegativity at 
phosphorus is identical for both stereoisomers leading to comparable ~ values. Again, 
the enzyme has the higher affinity (low Kn) and lower phosphorylation (relatively high 
~)for the 14(-)-isomer than the 14(+)-isomer of isoparathion methyl. The ki's, obtained 
by the varied inhibitor concentrations, were 8-fold in favor of the 14(-) (Table 5) and 
differed slightly from the variation in the incubation time method (Table 4). Racemic 
material gave approximately the mean kinetic values (K0 , ~· ki) in this analysis. 
Table 5. Inhibition Parameters3 for Chiral Isoparathion Methyl 
against Rat Brain AChE (Solubilized) at 37 °C. 
isomer 
(-) 
(+/-) 
(+) 
k (M-1 . -1) i mm Kn (Mm) kp (min-1) 
6.30 x Hf 2.70 x 104 0.17 (0.082) 
4.13 x Hf 4.50 x 10-4 0.19 (0.102) 
7.82 x 104 2.73 x 10-3 0.21 (0.061) 
a Kinetic data were measured with a progression 
of inhibitor concentrations. 
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Further, the in vivo toxicity of chiral isoparathion methyl had previously been 
determined to favor the 14(-)-isomer as an intoxicant by five-fold (Hilgetag and Lehmann, 
1959) and is in good agreement with the in vitro inhibition data presented here. 
Doubtless, a six to fifteen-fold difference in inhibitory action against the 
cholinesterases by the (-)-stereoisomer is significant since basically no branching in the 
molecule is present. Inhibition of cholinesterase based on organophosphorus compounds 
is a well established phenomenon and responsible for most of the toxic action. The 
investigation of enzyme inactivation by organophosphates can show that atomic features 
of the inhibitor play a major role in the intoxication event. The variable ratio of 
bimolecular inhibition constants for four different enzymes indicates that the structural 
differences may also exist between the cholinesterase, depending on the sources. 
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Therefore, when the asymmetric inhibitors are used, the enzymes allow certain three-
dimensional structures between organophosphorus inhibitors and enzyme (Berman and 
Decker, 1989) as well as the affinity of the enzyme for the chiral inhibitors to be favored. 
Several organophosphorothiolates, such as insecticides or as impurities in 
insecticides, show potent anticholinesterase activity (Thompson, 1992). 
In conclusion, this study shows that acetylcholinesterase in mammalian brain tissue 
is highly prone to inhibition by these stereoisomers and is the Ache source most able to 
discriminate the isoparathion methyl enantiomers. Further, the finding that the 
stereochemistry at the phosphorus atom is an essential determinant in the evaluation of 
the intoxication mechanism was a significant discovery. 
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IV. Stereoselective Post-Inhibition: Reactivation and Non-reactivation. 
RBAChE was selected as the enzyme source for post-inhibition study with two 
reasons. First, solubilized rat brain Ache (RBAChE) could best differentiate the 
stereoisomers of isoparathion methyl at 37 °C in the inhibition study (Section IV; Table 
3). Second, warm-blooded mammals may be exposed to phosphorothiolates by 
commercial insecticide application. 
In the post-inhibitory analysis, an Ache enzyme solution was incubated with 14( + ), 
14(-), or 14(+/-) until 85-90% inhibition was attained. Following dilution of the 
incubation mixture by forty-fold to terminate continued inhibition, the enzyme was then: 
(A) monitored for activity versus time (spontaneous reactivation), (B) treated with oxime 
antidote and monitored for activity versus time ( oxime-mediated reactivation), or cq 
divided into aliquots, treated with oxime at various time intervals and monitored for 
activity versus time (non-reactivation). The half-life of reactivation or non-reactivation 
process of inhibited enzyme was calculated according to eq. 19 (on p. 95) due to the first-
order kinetics. 
A. Spontaneous Reactivation. 
RBAChE inhibited by 14(+), 14(-), or 14(+/-) follows a time course of reactivation 
depending on the nature of the phosphorylating agent. Figure 13 shows the time-
dependent spontaneous reactivation of RBAChE following inhibition by 14( + ), 14(-), and 
14(+/-). The ko values were calculated according to eq 20 (on p. 96) from the initial 
slope (0-30 min) of Fig. 13 plotted by log [JOO(A0 -A/)/(A0 -A0 ')} vs time, and are 
summarized in Table 6. 
Table 6. Post-Inhibitory Rates8 for RBAChE Inhibited 
by the Stereoisomers of Isoparathion Methyl. 
process 14(-) 14(+/-) 14(+) ratio, 14(-)/14(+) 
spontaneous 
reactivation 
(k0, x 10-2) 1.13 (0.09) 1.02 (0.10) 0.35 (0.11) 
oximeb-mediated 
reactivation 
(koxime• x 10-2) 4.10 (0.11) 4.57 (0.13) 1.16 (0.07) 
non-reactivation 
(kNR• X 10-2) 1.42 (0.09) 1.37 (0.04) 3.07 (0.10) 
a Coefficient of variation= SD Ix (in parentheses). b 2-PAM is used . 
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Figure 13. Spontaneous Reactivation of RBAChE inhibited by 
Chiral and Racemic Isoparathion Methyl: (•) 14(+); (•) 14(-); (A) 14(+/-). 
64 
65 
RBAChE inhibited by 14(·) recovered its activity 3.23 times faster (t112 = 61.3 min) than 
enzyme inhibited by 14(+) (t112 = 198.0 min). The extent of the total percent reactivation 
that the inhibited enzyme reactivates depended upon the form of the inhibitor (Table 7). 
Table 7. Total Percent(%) Reactivation8 of RBAChE 
Inhibited by the Stereoisomers of lsoparathion Methyl. 
reactivation 14(-) 14(+/·) 14(+) 
spontaneous 43.82 (0.22) 35.89 (0.28) 12.10 (0.14) 
oxime-mediated 
2-PAM 70.79 (0.09) 73.91 (0.06) 29.67 (0.13) 
TMB-4 87.54 (0.05) 88.11 (0.03) 30.05 (0.07) 
a Coefficient of variation =SD IX (in parentheses). 
In all instances, no further enzyme activity returned after 2 h. Whereas the 14(-) and 
14(+/·) inhibited RBAChE reactivated to 43.8% and 35.9%, respectively, only 12.1 % of 
RBAChE inhibited by 14(+) reactivated after 2 h (Table 7). Further, the percent 
reactivation for the 14( +) inhibited species significantly decreased over the time-dependent 
experiment reaching a plateau value. The ko value and the kinetic rate profile obtained 
with the racemate 14(+/-) inhibited RBAChE (t112 = 68.0 min) closely resembled the data 
from the 14(-) inhibited RBAChE. 
Compound 14(-) exhibited 3-15-fold greater inhibitory potency than 14(+) against 
four different enzymes (Section Ill). Furthermore, the spontaneous reactivation rate 
constant for 14(-) inhibited RBAChE was also 3.23-fold greater than RBAChE inhibited 
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by 14(+). With respect to this outcome, we can presume that a single stereoisomer 
dominates both inhibition and reactivation kinetic processes (Eq. 9 on p. 30). 
The differences between the ko rate values of the individual enantiomers were 
significantly found. Yet, the ko for 14(+/·) was similar to the 14(-) kinetic profile, while 
the bimolecular inhibition constants (ki) of 14(+/·) were between those obtained by both 
isomers. This consequence must be addressed owing to the lower reactivating ability of 
the 14(+) inhibited enzyme, since it would go unnoticed in a spontaneous reactivation of 
the racemate. The result of the 14(+/·) inhibited RBACh.E can be explained by first 
considering the stereoselective inhibition of RBAChE by isoparathion methyl where 14(-) 
is an eight-fold more potent RBACh.E inhibitor than 14(+) at 37 °c (Table 4). Therein, 
an 11:89 ratio of 14(+) to 14(-) inhibited RBACh.E is obtained after RBAChE is inhibited 
by 14(+/-). Accordingly, the corresponding mole fractions of rate constants from 14(+) 
inhibited (0.11 • 3.5 x 10-3 min-1) and 14(-) inhibited (0.89 • 11.3 x 10·3 min-1) affords 
a theoretical ko (14(+/·)) of 10.4 x 10-3 min-1, which is in good agreement with the 
found ko of 10.2 x 10-3 min-1 from our experiments. Therefore, the ko obtained from 
RBACh.E inhibited by 14(+/·) favorably reflects 14(-) inhibited enzyme because this 
inhibited RBACh.E is the governing form in a spontaneous reactivation. Similar 
stereochemical influences have been reported by Berman and Decker (1989). 
The ko values also compare favorably with that found for paraoxon methyl (21; 
0,0-dimethyl-p-nitrophenoxyphosphate), which inhibits RBACh.E to form the achiral, 
0,0-dimethylphosphorylated enzyme (Eq. 15) with a ko of 6.10 x 10-3 min-1 (Skrinjaric-
Spoljar et al., 1973). 
OH 
I AChE·-- + 
21. Paraoxon Methyl 
0 
ll.,....orn3 p 
o.,.... 'om I 3 
AChE..,_,..,., 
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(15) 
Paraoxon methyl 21 differs from isoparathion methyl 14 by the single substitution of a 
sulfur for an oxygen ester atom. Like 14(-) and 14(+/-) inhibited enzymes, paraoxon 
methyl inhibited enzyme deviated from linear first-order reactivation kinetics after 30 min, 
and undergoes a time-dependent decrease in reactivation after 80 min (Skrinjaric-Spoljar, 
1973). Because only 12% of the initial activity of the 14(+) inhibited RBAChE is 
regained, the significance of stereochemistry is reinforced even when a minor structural 
[atomic] alteration is being exchanged. 
The overall effect is not easily judged after a thiolate linkage is substituted for an 
ester linkage on the phosphoryl moiety in the active site. However, its relative 
contribution to the phosphoryl moiety was estimated by desktop minimization on 0,0,S-
trimethylphosphorothiolate vs. 0,0,0-trimethylphosphate (Maxwell and Brecht, 1992). 
The result revealed that a sulfur atom adds between 11-13 sq. Angstroms to the water 
solvation shell (a 5% total increase). This difference alone is not significant enough to 
explain a steric bias. Further, the similar steric effect between thionate (P=S) and oxon 
(P=O) inhibitors also has been investigated. 
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B. Oxime-mediated Reactivation. 
The time dependent oxime-mediated reactivation of RBAChE inhibited by 14(+),_ 
14(-), and 14(+/-) is shown in Fig. 14. 
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Figure 14. Oxime-mediated (2-P AM) reactivation of RBAChE inhibited by 
Chiral and Racemic Isoparathion Methyl:(•) 14(+); (•) 14(-); (A) 14(+/-). 
Following inhibition of RBAChE by racemic and chiral isoparathion methyl and the 40-
fold dilution, the inhibited enzyme was reactivated by 2-pyridine aldoxime methiodide (2-
PAM) or 1,1'-trimethylenebis(4-formylpyridinium bromide) dioxime (1MB-4). The 
koxime values (Table 6) were calculated according to eq. 21 (on p. 97) from the slope of 
initial portion of the Fig. 14 plotted by log [lOO(A0 -A/)l(A0 -A0 ')] vs time. The total 
reactivation regained is shown in Table 7. As expected, reactivation of inhibited enzyme 
was obtained to a greater extent and at an enhanced rate (3 to 4-fold) as compared to 
spontaneous reactivation. As shown in the spontaneous reactivation, 14(-) inhibited 
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RBAChE reactivated 3.53 times faster (t112 = 16.9 min) than the 14(+) inhibited species 
(t112 = 59.8 min), and the rate constants were similar when either 2-PAM or TMB-4 was 
used. The koxime obtained from 14(+/-) inhibited enzyme was not significantly greater 
(t112 = 15.2 min) than that of 14(-) inhibited RBAChE (t112 = 16.9). Between 70-90% of 
the total activity (fMB-4 was slightly more effective) from 14(-) or 14(+/-) inhibited 
RBAChE was regained by the oxime reactivating agents, but only 30% from 14(+) 
inhibited RBAChE (Table 7). Thus, the reactivation of RBAChE inhibited by 
isoparathion methyl 14 was influenced by the configuration of the phosphorylated enzyme 
but not the nature of the oxime. The oximes were unable to restore the enzyme activity 
fully. The oxime-mediated reactivation as well as the spontaneous reactivation observed 
for the 14(+/-)-inhibited RBAChE was attributed to 14(-)-inhibited enzyme since 
inhibition of enzyme by 14(+) was refractory to reactivation. TMB-4 was a superior 
reactivator to 2-PAM when RBAChE was inhibited by 14(-) and 14(+), indicating that 
RBAChE capable of reactivation can be more rapidly regenerated depending upon the 
oxime used. 
The data from Table 6 showed that 14(-) inhibited RBAChE could have its activity 
almost fully regained, while the enzyme inhibited by 14(+) could only be regained to one-
third of its initial activity. The oximes could only restore a modest amount of activity 
after subtracted from the total activity restored from spontaneous reactivation. This 
feature was, in particular, noticeable for RBAChE inhibited by 14(+), which when treated 
with 2-P AM or TMB-4, only an additional 18% of the total activity was recovered. 
These data suggest that following inhibition by 14(+), irreversible post-inhibitory 
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mechanisms are operative immediately. Again, the oxime-mediated reactivation kinetics 
were similar between 14(+/-) and 14(-) inhibited RBAChE. Estimation of inhibited 
RBAChE mole fraction calculations also was conducted on the oxime-mediated 
reactivation to give the theoretical value, koxime = 3.78 x 10-2 min-1, which compares 
reasonably with the found (koxime = 4.57 x 10-2 min"1) in our experiments, although these 
values are not in as precise agreement as the ko values. 
C. Non-reactivation. 
RBAChE inhibited by 14( -), 14( +/ -), and 14( +) was treated with oxime reactivators 
following various incubation times. The total amount of reactivation regained at a certain 
time point represents the amount of "reactivatable" enzyme species present. Inactivated 
enzymes do not contribute to the rate of substrate hydrolysis, since they have aged or 
undergone one or more of the aforementioned time-dependent, non-reactivating processes 
(e.g., denaturation, protein conformational change, hydrolysis, etc.). Because the detailed 
mechanism of the enzyme's overall inability to undergo either spontaneous or oxime-
mediated reactivation has not yet been established, it is defined as non-reactivation, which 
takes all possible pathways into account. Figure 15 shows the time dependent non-
reactivation of 14(+), 14(-), and 14(+/·) inhibited RBAChE. Rate constants for non-
reactivation (kNR) were calculated based on eq. 22 (on p. 98) from the slopes of Fig. 15 
plotted by log [JOO(At-A/)!(A0 -A 0 ')] vs time and are summarized in Table 6 (on p. 64). 
till 
0 
....... 
•••••• 
• ... 
.. •. 
· .. ~ r .. 
•·• 
ii 
0.600-i--~~-t-~~-t-~~--t-~~-,t--~~--~~-t--~----i 
0 20 40 60 80 100 120 140 
time (min.) 
Figure 15. Decrease in Reactivation versus Time (Non-reactivation) 
following Inhibition of RBAChE by Chiral and Racemic Isoparathion Methyl: 
(•) 14(+); (•) 14(-); (~) 14(+/-). 
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In contrast to reactivation, RBAChE inhibited by 14(+) underwent a non-reactivation rate 
twice that (t112 = 22.6 min) of the 14(-) inhibited species (t112 = 48.8 min). Again, 14(+/-) 
inhibited enzyme was similar in kinetic profile and rate (t112 = 50.6 min) to RBAChE 
inhibited by 14(-), as shown in the reactivation. 
The total percent spontaneous reactivation of inhibited RBAChE by 14(+) was 
12%, leaving 88% in the inhibited or non-reactivated form (Table 7 on p. 65). This result 
is further emphasized by the fact that kNR is approximately 9-fold that of ko· suggesting 
that RBAChE inhibited by 14(+) undergoes very little spontaneous reactivation in the first 
30 min. However, ko and kNR values obtained from RBAChE inhibited _by 14(-) and 
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14(+/-) were similar indicating that spontaneous reactivation and non-reactivation were 
competing post-inhibitory processes. The greater mole fraction of 14(-) inhibited 
RBAChE contributed to kNR analogous to the Ir_ and k . values for 14(+/-) inhibited n.o ox1me 
enzyme. The theoretical kNR (1.57 x 10-2 min-1) based on mole fraction for 14(+/-) 
inhibited RBAChE is comparable with the observed (1.37 x 10-2 min"1). 
The inhibited enzyme can be reactivated by oxime nucleophiles via nucleophilic 
attack at the phosphorus atom, followed by cleavage of the phosphorus-serine ester bond. 
Thus, it suggested to us that scission of the S-methyl group may occur as an alternative 
pathway. In a previous study of the phosphorylation of electric eel acetylcholinesterase 
by O,S-dimethylphosphoramidothioate (methamidophos) (Thompson and Fukuto, 1982), 
the S-methyl moiety was shown to be a better leaving group than the -0~. Also, 
certain oxime nucleophiles are known to produce dealkylation of esters. If either path 
occurs, the phosphorylated serine group would now bear a phosphate anion (same as an 
aged protein), and the enzyme would have unintentionally become irreversibly inactivated. 
Therefore, this possibility was studied using a model chemical reaction between 2-P AM, 
(selected to serve as the representative of oxime), and two different phosphorothiolates 
in an effort to understand better the relative reactivity of the phosphorothiolate linkage 
(Section D). 
D. Reaction of 0,0,S-trimethylphosphorothiolate and Isoparathion Methyl with 2-P AM. 
Because the enzyme inhibited by phosphorothiolate bears one thiolester and two 
alkoxy bonds, 0,0,S-trimethyl phosphorothiolate (20a) was chosen to test the mode of 
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reaction with 2-PAM. Reaction of 2-PAM with 20a gives hydrolysis of the phosphorus-
methyl ester linkage to afford O,S-dimethylphosphoric acid (23) after 48 hat 37 °C (Eq. 
16). 
0 Q 0 II 2-PAM II CH30-P-OCH3 -o-P-OCH3 I phosphate buffer N + I N 'OCH SCH3 pH=7.6 I 3 SCH3 (16) 
CH3 
20a 22 23 
not observed 
The product was identified by 1H NMR and comparison to standard material, which 
showed doublets with a 1:1 integration corresponding to OCH3 and SCH3 groups at 3.42 
ppm and 1.97 ppm, respectively in D20. To test that no dealkylation was occurring, 2-
PAM methyl ether (22) was prepared separately (see Experimental section), the 1H NMR 
recorded, and used as a standard. Of particular importance was the methyl ether singlet 
(3.49 ppm). However, the corresponding peak of this group was not observed in eq 16. 
This result indicates that no dealkylation is favored. Further, 2-P AM methyl ether (22) 
was stable under the reaction conditions for 48 h, which excludes the possibility that 
following dealkylation of the phosphorothiolate by 2-PAM to afford 22, decomposition 
or hydrolysis occurs back to oxime occurs. 
Our chemical model studies on the mechanism of non-reactivation revealed the 
cleavage of an -OCH3 moiety in the reaction of 2-PAM with 0,0,S-trimethyl 
phosphorothiolate. Yet, 2-PAM methyl ether was not observed suggesting that the 
mechanism favored hydrolysis by formation of the phosphorylated 2-P AM, over a 
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dealkylation pathway. This result is compatible with hydrolysis data that methamidophos 
undergoes preferential P-OMe cleavage in aqueous base (Fahmy et al., 1972). Therefore, 
most of the non-reactivation mechanism probably proceeds via hydrolysis of the 0-methyl 
moiety than the S-methyl, yet it does not necessarily follow prediction based on the 
phosphorylation leaving group abilities (Thompson and Fukuto, 1982). 
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V. Conclusions 
This investigation shows an alternative pathway for the methanolysis of sulfur 
containing phosphoramidates. Furthermore, the BF3-mediated process removes the 
problem of a chiral phosphorothiolate synthesis. Isoparathion methyl enantiomers were 
prepared via methanolysis based upon the reaction of the BF3-MeOH complex. 
Identification of enantioenriched isoparathion methyl antipodes was confirmed by 
comparison to enantiomers prepared by alkylation (DMS) of the individual diastereomeric 
strychnine salts. Unlike chiral isoparathion methyl, racemic isoparathion methyl was 
prepared by dealkylation and realkylation processes. 
The kinetic analyses indicate that phosphorothiolates bearing an asymmetric 
center at phosphorus atom differ in their inhibitory and post-inhibitory potency. The 
inhibition profiles of isoparathion methyl isomers against four different cholinesterases 
show the variation based on the structure of the inhibitor and that of enzyme. In general, 
the S-configuration at phosphorus is the more potent inhibitor of the enzyme, and this 
result also is shown in our studies. In addition, the observed dissociation constants 
possibly reflect the finite dimensions of esteratic locus of RBAChE in the formation of 
inhibitor-enzyme complex. This investigation of enzyme inactivation by isoparathion 
methyl enantiomers can provide important information about essential atomic features that 
play a major role in intoxication. 
With respect to the kinetic data for post-inhibition, the RBAChE inhibited by S-
isoparathion methyl could recover from poisoning, despite the greater inhibitory potency 
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of this stereoisomer against enzyme. Conversely, RBAChE inhibited by R-isoparathion 
methyl may be faced with a cumulative inactivation due to the inability of the 
phosphorylated enzyme to be reactivated. Furthermore, the results of post-inhibition may 
furnish the mechanism of inhibition by related O,S-dimethyl S-alkyl phosphorothiolates, 
such as isomalathion. For example, if isomalathion inhibits RBAChE by the ejection of 
the S-succinyl ligand, O,S-dimethyl phosphorylated enzyme will be formed, which is the 
same as that formed in the inhibition by isoparathion methyl. Therefore, following 
inhibition by isomalathion, post-inhibitory rate constants should be similar to those 
obtained in the post-inhibition of enzyme inhibited by isoparathion methyl. Consequently, 
the results of post-inhibitory mechanisms indicate that the stereochemistry of phosphorus 
is significant, and can establish the general mechanism of inhibition by phosphorothiolate 
impurities. 
CHAPTER4 
EXPERIMENTAL 
General Information. Melting points were determined using a Mel-Temp melting point 
apparatus and are uncorrected. Proton NMR spectra were taken in deuterated chloroform 
(CDC13) on either a Varian EM 360A or VXR-300 MHz instrument. Carbon (75 MHz) 
and phosphorus (121 MHz) NMR were also conducted on a VXR-300 and the chemical 
shifts are relative to the deuterated chloroform triplet (b = 77.06) or external phosphoric 
acid (H3P04 in CDC13, b = 0), respectively. Pertinent proton NMR data are tabulated in 
the following order: chemical shift (ppm in delta), multiplicity (s; singlet, d; doublet, t; 
triplet, etc.), coupling constants (J in Hertz) and number of hydrogens. Prominent 
infrared data (obtained in CDC13) are expressed in cm·1. 
Analytical thin layer chromatography (TLq was conducted with aluminum backed 
silica plates (E. Merck). Visualization was accomplished with an ultraviolet lamp and/or 
anisaldehyde stain (a 2% solution of o-anisaldehyde in 95:4:1 absolute ethanol-
concentrated sulfuric acid-glacial acetic acid) with heating and/or DBQ (5% 2,4-dibromo-
quinone-4-chloroimide in diethyl ether) and/or ninhydrin (5% in ethanol) and/or 
ammonium molybdate (2.5% in 9:1 water-concentrated sulfuric acid with 1 % eerie 
sulfate). Flash chromatography (Still et al., 1978) was conducted on Kieselgel 60, 230-
400 mesh. 
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Reverse phase, high performance liquid chromatography (RHPLC) was conducted 
on 10- ODS (30 cm) column utilizing CH 30HJH20 solvent systems at a flow rate of 1.5 
ml)min with detection at 270 nm. Capillary gas chromatography (GC) was performed 
on a 15 m, DB-1 capillary column at gas flow rates of 300 mL/min (air), 30 mL/min 
(hydrogen), and 15 mL/min (helium). The injector and detector temperatures were 250 
and 275 °C/min, respectively. Ramped oven temperatures of 50-250 °C at 20 °C/min 
were used, unless indicated otherwise. 
All solvents and reagents were purified (when necessary) prior to use by literature 
methods (Perrin et al., 1975). Air or water sensitive reactions were conducted under a 
positive argon atmosphere utilizing standard techniques. All products were isolated as 
a clear oil unless stated otherwise. 
Materials. /-Praline ethyl ester, boron trifluoride-methanol complex, (-)-strychnine, ( + )-
ephedrine, potassium ethyl xanthate (PEX) and all phosphorus-containing starting 
materials were purified by distillation or recrystallization prior to use. 
O,S-Dimethylphosphoramidothiolate (methamidophos) (Lubkowitz et al., 1974; 
Quistad et al., 1970) and 0,0-dimethyl-p-nitrophenoxy phosphorothionate (paraoxon 
methyl) (Wilson et al., 1992) were prepared as per literature specifications. 
Acetylthiocholine iodide (ATCh-1), 5,5' -dithiobis(2-nitrobenzoic acid) (DTNB), 2-
pyridinealdoxime methiodide (2-P AM), and 1, 1'-trimethylenebis(4-formylpyridinium 
bromide) dioxime(TMB-4), human erythrocyte AChE (HEAChE), bovine erythrocyte 
AChE (BEAChE), electric eel AChE (EEAChE), and horse serum BChE (HSBChE) were 
obtained from Sigma Chemical C. (St. Louis, MO). 
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Rat brain acetylcholinesterase (RBAChE) was obtained as follows. Male rats with 
a body weight range of 175-250 g were sacrificed via decapitation and the brains excised, 
rinsed of excess blood, and stored at -78 °C. Crude and solubilized rat brain 
acetylcholinesterase were obtained as follows. Excised rat brains (previously stored at -78 
0 C) were rinsed again and homogenated at 0 °C in 10 mL of potassium phosphate buffer 
(pH 7.6), which was used for crude rat brain acetylcholinesterase. For solubilized rat 
brain acetylcholinesterase, Triton X-100 (10 mL; 1 % w/v solution) was added, mixed 
gently for 15 min, and centrifuged for 1 hr at 100,000 g. The supernatant containing the 
solubilized AChE was removed and refrigerated at -78 °C. The protein content varied 
between 8.0 and 9.0 mg/mL as determined by the Bradford assay (Bradford, 1976). 
0,0-Dimethyl-p-nitrophenoxy phosphorothionate (Parathion Methyl 12) (Fletcher et 
al., 1950). 0,0-Dimethyl phosphorochloridothioate (16 g, 100 mmol) was dissolved in 
anhydrous acetone (100 mL) and anhydrous sodium carbonate (11.66 g, 110 mmol) was 
added. To this stirred solution was added p-nitrophenol (13.9 g, 100 mmol). The 
reaction mixture was heated to reflux for 2-3 h for loss of starting material, during which 
the reaction was monitored by TLC. The mixture was cooled to room temperature, 
filtered through 1-cm Celite, and rotary evaporated to an oil. Then, 100 mL of ether was 
added, washed twice with saturated sodium carbonate and brine, dried over sodium 
sulfate, and concentrated to crude product, which was purified by flash chromatography 
(petroleum ether:ether/1:3) to give 20 g of parathion methyl oil (76% yield): Rf 0.46 
(pet:ether/1:3); GC ~ 8.06 min; 1H NMR b 3.84 (d, J == 14 Hz, 6H), 7.29 (d, J = 8.3 Hz, 
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2H), 8.20 (d, J = 8.3 Hz, 2H); 31P NMR b 66.09. 
O-Methyl phosphorodichloridothioate (15a) (Kosolapoff, 1950). Acridine (0.18 g, 1.0 
mmol) and purified calcium oxide (56.1 g, 1.0 mol) were added to distilled phosphorus 
thiochloride (84.5 g, 0.5 mol) in benzene. Then, methanol (30 mL, 0.8 mol) was added 
over a period of 1 h while stirring during the addition and for 3 h thereafter. Solids were 
then filtered from the reaction mixture and washed repeatedly with diethyl ether to 
remove further traces of product. Acridine was removed by washing twice with 2% HCI 
previously cooled to 2 °C. Evaporation of the solvent and distillation in vacuo gave a 
clear oil product 15a: Rr 0.58 (pet:ether/1:2); 1H NMR o 4.00 (d, J = 19 Hz); 31p NMR 
0 60.64. 
S-Methyl dichlorophosphorothiolate (16) (Lubkowitz et al., 1974; Quistad et al., 1970). 
0-Methyl phosphorodichloridothioate 15a (60 g, 0.4 mol) was heated for 5 hat 100 °C, 
during which GC and TLC were used to monitor for the progress of the reaction. A pure 
oil product was obtained after distillation: Rf 0.53 (pet:ether/1:2); GC Ri 3.1 min; 1H 
NMR b 2.63 (d, J = 23 Hz); 31P NMR b 38.45. 
p-N itrophe noxy-N - [ (2S )-2-( carboethoxy)pyrrolidinyl) ]-S-methyl 
phosphoramidothioates (l 7a/l 7b ). S-Methyl dichlorophosphorothiolate (1.65 g, 10.0 
mmol) was dissolved in 20 mL of anhydrous pyridine at -78 °C. 1-Proline ethyl ester was 
added in a minimum of pyridine (resulting in a yellow color) and the reaction was 
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monitored by TLC for consumption of starting material. When the complete formation 
of the amidate was detected, p-nitrophenol (1.39 g, 10.0 mmol) was added and the 
mixture was stirred until the intermediate was consumed. The reaction was allowed to 
come to room temperature, diluted with 50 mL of ether and the pyridinium hydrochloride 
was filtered. The filtrate was washed twice with saturated sodium bicarbonate, water, 
10% HCl, and brine, dried over sodium sulfate, and concentrated to afford 3.04 g (81.4 
% yield) of an oil. The crude diastereomers were separated by column chromatography 
using 1:4/petroleum ether:ether as eluant. The purity of each diastereomers was 
determined by HPLC and 31P NMR to be greater than 99%. The less-polar diastereomer 
crystallized at 4 °C: Anal. Calcd for C14H19N20 6PS: C, 44.92; H, 5.12; N, 7.48. Found: 
C, 44.86; H, 5.04; N, 7.39. 
l 7a (wax): Rt 0.18 (petroleum ether:ether/1:3); 1H NMR b 1.22 (t, J=7 Hz, 3H), 1.85-2.23 
(m, 4H), 2.37 (d, J = 16.0 Hz, 3H), 3.36-3.44 (m, lH), 3.47-3.56 (m, lH), 4.13 (q, J = 
7 Hz, 2H), 4.39-4.43 (m, lH), 7.39 ( d, J = 9.3 Hz, 2H), 8.2 ( d, J = 9.3 Hz, 2H); 13c 
NMR b 11.65 (d, J = 3.7 Hz), 14.1, 24.9 (d, J = 8.8 Hz), 31.5 (d, J = 8.2 Hz), 47.75 (d, 
J = 4.9 Hz), 60.36 (d, J = 4.9 Hz), 61.2, 121.0 (d, J = 5.4 Hz), 125.5, 144.6, 155.6 (d, J 
= 8.1Hz),173.1; 31P NMR b 30.67; HPLC Rt 18.7 min; [af20 = -70.8° (c 3.25, MeOH). 
17b (oil): Rf 0.12 (petroleum ether: ether/1:3); 1H NMR b 1.24 (t, J = 7 Hz, 3H), 1.91-
2.11 (m, 3H), 2.14-2.25 (m, lH), 2.29 (d, J = 15.6 Hz, 3H), 3.40-3.52 (m, 2H), 4.15 (q, 
J = 7 and 5.7 Hz, 2H), 4.37-4.42 (m, lH), 7.42 (d, J = 9.2 Hz, 2H), 8.21 (d, J = 9.2 Hz, 
2H); 13C NMR b 12.00 (d, J = 3.9 Hz), 14.10, 25.05 (d, J = 8.6 Hz), 31.40 (d, J = 8.2 
Hz), 47.60 ( d, J = 5.1 Hz), 60.50, 61.20, 121.20 (d, J = 5.3 Hz), 125.50, 144.70, 155.60 
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(d, J = 8.1 Hz), 173.00; 31P NMR b 30.46; HPLC ~ 19.9 min; [a]220 = -49.7° (c 1.35, 
MeOH). 
Synthesis of Racemic and Enantioenriched O,S-Dimethyl-p-nitrophenoxy 
phosphorothiolate (lsoparathion Methyl 14). 
I.Racemic Isoparathion Methyl 14(+/-). To a solution of parathion methyl 12 (1 g, 3.8 
mmol) in 20 mL of anhydrous acetone was added potassium ethyl xanthate (760 mg, 4.8 
mmol). The solution was heated to reflux for 4 hr or until all the starting material 
appeared consumed by TLC. Following cooling the reaction solution to room 
temperature, dimethyl sulfate (530 mg, 4.2 mmol) was added and heating was resumed 
for 1 h. Then, the solution was recooled, filtered, and rotary evaporated to an oil, which 
was taken up in a minimum amount of ether. The ether layer was purified by flash 
chromatography using petroleum ether:ether/1:3 as eluent. The purity of product was 
confirmed by GC: ~ 0.18 (petroleum ether:ether/1:3); GC Rt 8.8 min. See section II 
(vide infra) for spectral details. 
II. Enantioenriched Isoparathion Methyl 14(+)/14(-). 
Method A. To a solution of either diastereomer of p-nitrophenoxy-S-methyl [(2S)-2-
( carboethoxy)-pyrrolidinyl]phosphorothioate 17 (120 mg, 0.3 mmol) in 0.2 mL of 
anhydrous methanol was added 2.5 mL of boron trifluoride-methanol complex at .o 0 C. 
The temperature of the solution was maintained at 0 °C for 30 min and then ~tirring was 
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continued overnight at room temperature. The reaction mixture was diluted with 30 mL 
of diethyl ether, added to a solution of sodium bicarbonate (1.0 g, 11.9 mmol) in 25 mL 
of ether, and stirred 30 min. The mixture was vacuum filtered through a 1-cm layer of 
Celite and the solvent was removed in vacuo to leave an oil, which was purified by flash 
chromatography using petroleum ether:ether/1:3 as eluent to afford the corresponding 
isoparathion methyl enantiomer (63 mg, 75% yield); 14(+): [a]220 = +30.5°, (c 1.15, 
MeOH); 14(-): [a]220 = -30.5°, (c 1.85, MeOH); ~ 0.18 (petroleum ether:ether/1:3). GC 
Ri 8.8 min; RHPLC Rt 8.5 min (MeOH:Hz0/50:50, flow rate= 2.0 mL/min); 1H NMR 
b 2.36 (d, J = 16.0 Hz, 3H), 3.94 (d, J = 10.9 Hz, 3H), 7.42 (d, J = 8.0 Hz, 2H), 8.25 (d, 
J = 9.1 Hz, 2H); 31P NMR b 27.90. 
Method B (Hilgetag and Lehmann, 1959). Parathion methyl 12 (2.02 g, 7.7 mmol) was 
dissolved in 100 mL of MeOH, and 1 equivalent of (-)-strychnine (2.54 g, 7.7 mmol) was 
added and heated to reflux for 9 h until no further starting material appeared while being 
monitored by TLC. Upon cooling, the first crop of crystals (as prisms) precipitated and 
was filtered, washed with MeOH, recrystallized twice from MeOH, and dried in vacuo 
to afford 1.4 g of prism of crystals 12a. The mother liquor was concentrated to a solid, 
which was recrystallized twice from MeCN, and dried in vacuo to give 1 g of needles 
12b. 
Strychnine-(3S)-isoparathion methyl 12a (Prism): mp 219 - 220 °C; [a]260 = -22.9°, 
(c 0.45, MeCN); 1H NMR b 1.43-1.51 (m, lH), 1.57-1.64 (bd, lH), 2.17-2.33 (m, 2H), 
2.60-2.76 (m, 2H), 2.96 (dd, J = 8.2 and 17.2 Hz, lH), 3.31-3.36 (bs, lH), 3.42 (s, 3H), 
3.51 (d, J = 13.2 Hz, 3H), 3.57-3.77 (m, 4H), 4.36-4.42 (m, 2H), 6.31-6.40 (bs, lH), 7.17 
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(t, J = 7.5 Hz, lH), 7.33 (t, J = 7.7 Hz, lH), 7.40 (d, J = 9.3 Hz, 2H), 7.72 (d, J = 7.6 
Hz, lH), 7.94 (d, J = 8.1 Hz, lH), 8.17 (d, J = 9.3 Hz, 2H); 13c NMR () 23.84, 28.65, 
45.91, 52.24, 52.33, 52.47, 54.23, 58.00, 61.30, 63.12, 63.32, 73.85, 75.67, 115.16, 
120.38, 120.46, 123.45, 123.89, 124.92, 129.28, 129.34, 133.01, 135.24, 141.51, 141.58, 
159.30, 168.81; 31P NMR <> 55.87. 
Strychnine-(3R)-isoparathion methyl 12b (Needle): mp 214-216 °C; [a]260 = +23° (c 
0.1, MeCN); 1H NMR b 1.45-1.49 (m, lH), 1.50-1.64 (bd, lH), 2.08 (s, 2H), 2.19-2.26 
(m, 2H), 2.60-2.71 (m, 2H), 2.97 (dd, J = 8.2 and 17 Hz, lH), 3.36 (s,3H), 3.49 (d, J = 
13.2 Hz, 3H), 3.59-3.70 (m, 2H), 3.94 (d, J = 13.5 Hz, lH), 4.10-4.23 (m, 4H), 4.34-4.38 
(m, 2H), 6.31-6.39 (bt, lH), 7.17 (t, J = 7.5 Hz, 7.32 (d, J = 7.9 Hz, lH), 7.38 (d, J = 9.4 
Hz, 2H), 7.70 (d, J = 7.32 Hz, lH), 7.94 (d, J = 8.1 Hz, lH), 8.16 (d, J = 9.3 Hz, 2H); 
13C NMR b 23.88, 28.73, 45.96, 52.26, 52.35, 52.55, 54.29, 58.06, 61.38, 63.18, 63.39, 
73.92, 75. 77, 115.26, 120.43, 120.50, 123.50, 123.95, 124.98, 129.37, 129.43, 133.10, 
135.32, 141.61, 159.44, 159.54, 168.87; 31P NMR b 55.86. 
The reaction of individual strychnine diastereomer salt with dimethylsulfate directly (A), 
or through the free acid (B) afforded chiral isoparathion methyl as follows. 
(A). Either diastereomer salt (Scheme 10) (150 mg, 0.3 mmol) was dissolved in 
20 mL of CH3CN and the mixture was heated to reflux for 2 h. Following cooling the 
mixture to room temperature, dimethylsulfate (95 mg, 0.8 mmol) was added and the 
reaction solution was reheated to reflux, after which the reaction was monitored by TLC 
for loss of starting material. The reaction mixture was poured into 50 mL of 10% HCl 
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and extracted twice with ether. The ether extracts were combined, washed with water and 
brine, dried over sodium sulfate, and rotary evaporated to an oil, which was purified by 
column chromatography (petroleum ether:ether/1:3) to afford chiral isoparathion methyl 
(40 mg, 61%); 14(+): ([a]260 = +30.2°, c 1.15, MeOH) and 14(-): ([a]260 = -30.7°, c 
1.85, MeOH). 
(B). Alternatively, chiral isoparathion methyl was obtained through the alkylation 
of free acid. The individual diastereomer strychnine salt (500 mg, 0.8 mmol) was 
dissolved in 5 mL of warm MeOH and a solution of sodium hydroxide (140 mg, 3.5 
mmol) in 5 mL of water was added at room temperature with stirring for 1 h until no 
starting material remained. Following addition of 20 mL of water, the aqueous solution 
was decanted and the rest of the mixture was dissolved in 30 mL of CHC13. To the 
chloroform layer was added another portion of sodium hydroxide solution (100 mg, 2.5 
mmol in 100 mL) and the aqueous layer was separated and washed with CH03 and ether. 
The aqueous layers were combined and acidified with concentrated HCl to pH 1. Then, 
the free acid product was extracted thrice with 10% isopropanol in CHC13, and the 
organic layer dried over sodium sulfate and concentrated to an oil (90 mg), which was 
used directly in the reaction with dimethylsulfate. To a solution of free acid in 20 mL 
of acetone was added dimethylsulfate (55 mg, 0.4 mmol) and the reaction solution was 
heated to reflux with monitoring by TLC. The mixture was, at completion, filtered, rotary 
evaporated, and purified by flash chromatography (petroleum ether:ether/1:3) to give 30 
mg of isoparathion methyl. 
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Synthesis of O,S-Dimethylphosphoramidothiolates (19b-c) (Thompson et al., 1989). 
To a solution of N-benzyl-0,0-dimethyl phosphoramidothionate ( 45 mg, 2.0 mmol) or 
N,N-dimethyl-0,0-dimethylphosphoramidothionate (46 mg, 2.7 mmol) in 25 mL of 
MeOH was added potassium ethyl xanthate (PEX) (630 mg, 3.9 mmol for 19b; 860 mg, 
5.4 mmol for 19c) and the solution was heated to reflux. After all starting material was 
consumed (approximately, 2-4 h), the reaction mixture was cooled to room temperature 
and 1.1 eq of dimethyl sulfate (0.23 mL, 2.4 mmol; 0.32 mL, 3.4 mmol, respectively) was 
added. Heating was resumed for 1 h, and the reaction mixture was recooled to room 
temperature. Rotary evaporation produced crude product that was purified using 
chromatography with ether as eluent. 
N-Benzyl-0,S-dimethylphosphoramidothiolate (19b) (Malikowski and Kroczynski, 
1978). The reaction produced 19b in 40% yield: GC R1 8.11 min; 1H NMR b 2.17 (d, 
J = 14.7 Hz, 3H), 3.69 (d, J = 12.5 Hz, 3H), 4.04-4.14 (m, 2H), 7.18-7.30 (m, SH); 31p 
NMR b 37.49. 
N,N-Dimethyl-0,S-dimethylphosphoramidothiolate (19c) (Hall and Inch, 1977). The 
reaction afforded 40% yield: GC R. 4.21min; 1H NMR b 2.26 (d, J = 11.3 Hz, 3H), 2.76 
(d, J = 11.0 Hz, 6H), 3.75 (d, J = 12.3 Hz, 3H); 31P NMR b 39.18. 
Bis-N,N-Dimethyl-0-phenylphosphoramidate (19d) (Kosolapoff, 1950). Sodium 
hydride (10.5 mmol; 60% suspension) was added to a 25 mL THF solution of phenol 
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(10.0 mmol) at 0 °C. After stirring for 0.5 h, bis-dimethylphosphoridochloridate (10.0 
mmol) was added and the ice bath removed. After stirring for 2 h, the reaction mixture 
was poured into 100 mL ether and extracted twice with saturated sodium bicarbonate, 
concentrated and chromatographed to give an oil in 63 % yield: GC Ri 6.80 min; 1H 
NMR b 2.74 (d, J = 10.0 Hz, 12H), 7.15-7.23 (m, 3H), 7.30-7.37 (m, 2H); 31P NMR b 
16.46. 
Bis-N,N-Dimethyl-0-ethylphosphoramidate (19e) (D' Agostino et al., 1989). The same 
procedure as that for 19d was used except ethanol was substituted for phenol. The 
reaction gave 76% yield: GC Ri 4.14 min; 1H NMR b 1.33 (t, J = 7.0 Hz, 3H), 2.68 (d, 
J = 9.8 Hz, 12H), 3.97-4.06 (m, 2H); 31P NMR b 20.08. 
N,N-Dimethyl-0-(phenyl)phenylphosphonamidate (19t) (Kosolapoff, 1950). Sodium 
hydride (5.5 mmol; 60% suspension) was added to a 25 mL THF solution of phenol (5.0 
mmol) at 0 °C. Phenylphosphonic dichloride (5.0 mmol) was added dropwise and the 
mixture stirred for 3 h. Dimethylamine hydrochloride (10.0 mmol) was added followed 
by triethylamine (15.0 mmol). The mixture was warmed to room temperature and stirred 
an additional 2 h. The mixture was filtered, concentrated to a semi-solid and 
chromatographed to afford 66% yield of white crystals: mp 65-66 °C; 31P NMR b 23.55. 
Synthesis of Phosphoramidothionates (19g-j). Triethylamine (9.6 mmol or 19.2 mmol 
for Me2NH2 +er) and benzylamine (8.0 mmol) or dimethylamine (8.0 mmol) was 
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dissolved in 30 mL of THF and chilled to 0 °C. Dimethyl- or diethylchlorothiophosphate 
(8.0 mmol) was added, the reaction warmed to room temperature and monitored by 
TLC/GC for loss of starting material. Upon completion of the reaction, the mixture was 
diluted with 50 mL of ether, filtered through Celite and evaporated to yield the crude 
product. The products were purified by flash chromatography using 1:1 petroleum 
ether:ether as eluent. 
N-Benzyl-0,0-dimethylphosphoramidothionate (19g) (DeBruin and Boros, 1990). The 
reaction gave 80% yield: GC ~ 7.33 min; 1H NMR b 3.68 (d, J = 13.7 Hz, 6H), 4.12 
(dd, J = 6.8 and 10.8 Hz, 2H), 7.25-7.36 (m, 5H); 31P NMR b 75.75. 
N ,N-dimethyl-0,0-dimethylphosphoramidothionate (19h) (Kosolapoff, 1950). The 
reaction gave 64% yield: GC Rt 3.44 min; 1H NMR b 2.77 (d, J = 11.5 Hz, 6H), 3.65 (d, 
J = 13.5, 6H); 31P NMR b 81.25. 
N,N-Dimethyl-0,0-diethylphosphoramidothionate (19i) (Mel'nikov and Zen'kevich, 
1955). The reaction gave 80% yield: GC ~ 4.26 min; 1H NMR b 1.27 (t, J = 7.1 Hz, 
6H), 2.73 (d, J = 11.7, 6H), 3.95-4.03 (m, 4H); 31P NMR b 77.08. 
N-benzyl-0,0-diethylphosphoramidothionate (19j) (Mel'nikov and Zen'kevich, 1955). 
The reaction gave 80% yield: GC Rt 7.92 min; 1H NMR b 1.30 (t, J = 7.1 Hz, 6H), 3.26-
3.39 (m, lH, NH), 3.98-4.16 (m, 6H), 7.26-7.39 (m, 5H); 31P NMR () 71.n. 
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General Preparation of Phosphorus Methyl Esters (20) from Phosphorus Amides. 
Method A. To an oven-dried flask under an argon atmosphere was added phosphoramide 
(2.5 mmol) in 2 mL of anhydrous methanol. The solution was stirred at 0 °C for 20 min, 
at which point BF3-MeOH complex (25.0 mmol) was added dropwise over 5 min. The 
temperature was maintained for 1 h and then stirred at room temperature overnight. The 
reaction mixture was added dropwise to a saturated solution of sodium bicarbonate and 
extracted thrice with ether. The ether extracts were combined, washed with saturated 
sodium bicarbonate solution and brine, and dried over sodium sulfate. Filtration, 
evaporation, and flash chromatography (100% ether) afforded the product. 
Method B. As in method A, except with a modified workup. After being stirred 
overnight, the reaction mixture was diluted with 25 mL of ether and added to a stirred 
solution of sodium bicarbonate (30.0 mmol) in 25 mL of ether. The heterogeneous 
mixture was stirred for 5 min and vacuum filtered through a 1-cm layer of Celite. The 
solvent was removed by rotary evaporation and the material purified by flash 
chromatography (ether). 
0,0,S-Trimethylphosphorothiolate (20a-c) (Kosolapoff, 1950). The reaction gave 74% 
yield from O,S-dimethylphosphoramidothiolate, 86% yield from N-benzyl-0,S-
dimethylphosphoramidothiolate, and 80% yield from N,N-dimethyl-0,S-
dimethylphosphoramidothiolate: GC Ri 3.46 min; 1H NMR b 2.43 (d, J = 17.4 Hz, 3H), 
4.03 (d, J = 13.1 Hz, 6H); 31P NMR b 33.08. 
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O,O-Dimethyl-0-phenylphosphorothiolate (20d). The reaction gave an 89% yield from 
19d: GC Ri 5.57 min; 1H NMR b 3.90 (d, J = 11.3 Hz, 6H), 7.18-7.26 (m, 3H), 7.32-7.41 
(m, 2H); 31P NMR b -3.37. 
O,O-Diethyl-0-methylphosphorothiolate (20e) (Kosolapoff, 1950). The reaction gave 
a 54% yield from 19e: GC Ri 2.72 min; 1H NMR b 1.39 (t, J = 7.1 Hz, 3H), 3.80 (d, J 
= 11.1 Hz, 6H), 4.10-4.22 (m, 2H); 31P NMR b 1.83. 
O-Methyl-0-(phenyl)phenylphosphonothiolate (20f). The reaction produced 84% yield 
from 19f: 1H NMR b 3.90 (d, J = 11.3 Hz, 3H), 7.12-7.21 (m, 3H), 7.28-7.34 (m, 2H), 
7.47-7.54 (m, 2H), 7.58-7.64 (m, lH), 7.86-7.94 (m, 2H); 31P NMR b 17.42. 
0,0,0-Trimethylphosphorothionate (20g-h) (Kosolapoff, 1950). The reaction produced 
67 % yield from N-benzyl-0,0-dimethylphosphoramidothionate 19g and 62% yield from 
N,N-dimethyl-0,0-dimethylphosphoramidothionate 19h: GC~ 2.66min; 1HNMR b 3.80 
(d, J = 13.1 Hz, 9H); 31P NMR b 73.40. 
O-Methyl-0,0-diethylphosphorothionate (20i-j). The reaction gave 70% yield from 
N,N-dimethyl-0,0-diethylphosphoramidothionate 19i and 65% from N-benzyl-0,0-
diethylphosphoramidothionate 19j: GC R1 3.55 min; 1H NMR b 1.31 (t, J = 7.1 Hz, 6H), 
3.72 (d, J = 13.6 Hz, 3H), 4.04-4.16 (m, 4H); 31P NMR b 69.85. 
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O-Metbyl-2-pyridinium aldoxime methiodide (22) (Engelhard and Werth, 1963). To 
2-pyridine-aldoxime methiodide (0.10 g, 0.4 mmol) dissolved in 3 mL of phosphate buffer 
(0.1 M, pH 7.6) at room temperature was added dimethyl sulfate (0.11 g, 0.9 mmol). The 
temperature was raised to 45 °C and after stirring 1 h, the mixture was lyophilized, and 
the remaining powder was extracted with 5 mL portions of warm CH3CN to afford the 
methyl ether: 1H NMR (D20) b 8.53 (d, J = 6.4 Hz, lH), 8.45 (s, lH), 8.27 (t, J = 7.8 
Hz, lH), 8.16 (d, J = 8.1 Hz, lH), 7.76 (t, J = 6.5 Hz, lH), 4.16 (s, 3H), 3.49 (s, 3H); 
13C NMR (D20) b 148.56, 147.77, 146.70, 143.53, 129.04, 127.50, 56.95, 47.89. 
Reaction of Phosphorothiolates with Nucleophiles. 
I. 0,0,S-Trimethyl Phosphorothiolate and 2-P AM. Synthesis of 0.S-dimethylphosphoric 
acid 23. To 1 mL of phosphate buffer was added 2-PAM (50 mg; 0.2 mmol) and 0,0,S-
trimethyl phosphorothiolate (20a) (29 mg; 0.2 mmol) at 37 °C with stirring. Over three 
days, 0.1 mL aliquots were removed, diluted with D20 and analyzed via 
1H NMR. 
Examination of the 1H NMR showed that O,S-dimethylphosphoric acid 23 had formed 
by the end of the experiment (cleavage of the P-OMe bond) in a yield of 43%. No 2-
PAM methyl ether 22 was observed: 1H NMR (D20) b 3.42 (d, J = 12.5 Hz, 3H), 1.97 
( d, J = 13.6 Hz, 3H). 
II. Isoparathion methyl and 2-P AM. To 1 mL of phosphate buffer was added 2-P AM (50 
mg; 0.2 mmol) and isoparathion methyl (50 mg; 0.2 mmol) at 37 °C with stirring. The 
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reaction was monitored by 1H NMR. Loss of the p-nitrophenoxy moiety was seen to give 
the same NMR data (doublets at 3.43 and 1.98 ppm) as shown for experiment I. 
III. Phosphorothiolate Hydrolysis. 0,0,S-Trimethyl phosphorothiolate 20a (50 mg; 0.3 
mmol) or isoparathion methyl 14 (50 mg; 0.2 mmol) was dissolved in 1 mL of phosphate 
buffer at 37 °C. The hydrolysis was monitored by 1H NMR up to three days for 0,0,S-
trimethylphosphorothiolate or 8 h for isoparathion methyl. 
Cholinesterase Inhibition by 14{+), 14(-), 14{+/-)-Isoparathion Methyl. 
All kinetic experiments were carried out at 25 °C and/or 37 °C in 0.01 M 
phosphate buffer (pH 7.6). Freshly prepared AChE's stock solution was kept at 0 °C up 
to 7 days. If necessary, dilution of this stock solution was employed with 0.01 M 
phosphate buffer (approximating a hydrolysis rate of 0.04-0.07 A unit/min). This solution 
was vortexed gently, and 1.09 mL of this sample was added to a test tube and placed in 
a 25 °C and/or 37 °C Forma Scientific constant-temperature shaker bath. The 
colorimetric assay of Ellman (Ellman et al., 1961) was used to determine AChE activity. 
Determinations of Comparative Anticholinesterase Potency. Determinations of the 
bimolecular inhibition constants using varied inhibitor incubation time were accomplished 
by a previously reported method (Gary et al., 1982; Thompson et al., 1989). 
To each of six cuvettes was added 2.5 mL of DTNB solution (3.33 x 10-4 M 
DTNB, 5.9 x 10-4 M sodium bicarbonate in 0.01 M phosphate buffer) and _0.020 mL 
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ATCh-1 solution (7.5 x 10-3 M ATCh-1 in 0.01 M phosphate buffer). These cuvettes were 
then placed in a Beckman DU-40 spectrophotometer equipped with a kinetic Soft-Pac 
module. From the test tube of enzyme solution in shaker bath, 0.1 mL was withdrawn 
and added to cuvette 1 to serve as control. To the remaining 0.99 mL in the test tube 
was added 0.01 mL of the inhibitor and the solution gently vortexed. At 3, 6, 9, 12, and 
15 min, 0.1 mL of the homogenate inhibited enzyme solution was added to cuvettes 2, 
3, 4, 5, and 6, respectively. The rate of hydrolysis of acetylcholinesterase was monitored 
at 412 nm at 1-min intervals for 30 min from the addition of inhibited enzyme. The 
bimolecular inhibition constants (ki) were all first order with respect to the enzyme 
concentration and proportional to the concentration of inhibitor. The ~ values were 
determined by plotting the slopes (hydrolysis rates) against time according to eq. 17. The 
resulting slope, which corresponded to ki, was analyzed by linear regression routine 
(Young, 1962; Sokal and Rohlf, 1973). 
All rate constants were determined through data analysis using a linear regression 
routine from the slopes of the graphs obtained (correlation coefficients > 0.98). The rate 
constants were expressed as statistical means with coefficients of variation from data sets 
of five to seven repetitions. 
k = In ( Ao I A, ) I [l]t 
[I] : concentration of inhibitor 
t : incubation time 
Ao : cholinesterase activity at time = 0 
Ai : cholinesterase activity at time = t 
(17) 
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To evaluate more precisely the kinetic components, dissociation constant K0 and 
phosphorylation rate constant ~ values (fable 3), measurements of the remaining activity 
of solubilized rat brain acetylcholinesterase after incubation of the enzyme with a 
progression of inhibitor concentrations were made. In a typical experiment, six test tubes 
containing suitably diluted enzyme solution (0.990 mL), each were treated with 0.010 mL 
of a progression of inhibitor concentrations. The inhibition was permitted to progress for 
20 min and the remaining enzyme activity was determined over a period of 30 min (1-
min intervals). This progressive inhibition was described by the following eq. 18 from 
the comparative Michaelis-Menten plot. Plots of l/[i] versus 1/slope (at the individual 
inhibitor concentration) were generated and the kinetic parameters obtained (Dixon, 1953). 
1 I [I] = ~ ( At I Mn V ) - 1 I Kn 
Aln V = Aln ( Ao -~ ) 
At = incubation time 
(18) 
Stereoselective Post-inhibition of RBAChE inhibited by 14(+), 14(-), and 14(+/-)-
lsoparathion Methyl. 
Compounds(+)-,(-)-, and (+/-)-isoparathion methyl were prepared as Scheme 
(Ryu et al., 1991). Solutions of 3.04 x 10-4 M, 7.98 x 10-5 M, and 1.67 x 10-4 M for 
(+)-,(-)-,and (+/-)-isoparathion methyl, respectively, were prepared weekly in MeOH 
and stored at -78 °C. All experiments were carried out in 0.1 M phosphate ~uffer, pH 
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7.6 at 37 °C. The rat brain enzyme activity was determined by the spectrophotometric 
method of Ellman using acetylthiocholine iodide as a substrate and modified for RBAChE 
analysis (Ellman, 1961: Each cuvette contained 0.4 mL of an enzyme stock solution, 
DTNB (3.21x10-4 M), and ATCh-1(4.81x10-4 M) in 3.12 mL of phosphate buffer (pH 
8.0). RBAChE treated with excess chiral isoparathion methyl showed only negligible 
increase in absorbance over the time course of the experiments. 
All rate constants were determined through data analysis using a linear regression 
routine from the slopes of the graphs obtained (correlation coefficients > 0.98). The rate 
constants were expressed as statistical means with coefficients of variation from data sets 
of five to seven repetitions. 
I. Half-life Calculations. All half-life (t1a) calculations were derived according to eq. 19: 
(19) 
II. Spontaneous Reactivation. Control (A) and experiment (B) vessels were prepared as 
follows. Rat brain AChE stock solution (0.20 mL) was diluted to 1.00 mL with 
phosphate buffer. Methanol (0.005 mL) was added to vessel A, and 0.005 mL of an 
inhibitor solution that caused 90% inhibition was added to vessel B. Following a 20 min 
incubation at 37 °c, both vessels were diluted with 40 mL phosphate buffer to halt further 
inhibition, and the enzyme activity was determined following a brief temperature 
equilibration. At selected time intervals, including a time point immediately following 
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dilution (t = 0), 1 mL aliquots were transferred to cuvettes containing DTNB solution 
(3.33 x 10-4 M, 1.50 mL) and ATCh-1 solution (7.50 x 10-2 M, 0.02 mL). Returned 
enzyme activity was followed for 2 h (occasionally to 24 h) by measuring the increase 
in absorbance at 412 nm. The rate constants of spontaneous reactivation (ko) were 
calculated from the linear portion of the slopes (zero to 30 min) (Figure 13) according to 
eq. 20: 
where; 
(AChE activity without inhibitor at time = 0) -
(AChE activity of inhibited AChE at time = t) 
A0 - A0 ' = (AChE activity without inhibitor at time = 0) -
(AChE activity of inhibited AChE at time = 0) 
(20) 
Ill. Oxime-Mediated Reactivation. Prior to the use of oxime reactivation agents, control 
studies were performed to establish the concentration limit of oxime use. Final 
concentrations of about 3 x 10-4 M for 2-PAM and 1 x 10-4 M for TMB-4 (Skrinjaric-
Spoljar et al., 1973) caused interference in the colorimetric assay and, therefore, 
concentrations less than these values were used in the study. Control and experiment 
vessels were prepared as described for spontaneous reactivation. Following dilution with 
40 mL phosphate buffer, a 1 mL aliquot from each A (control) and B (experiment) was 
analyzed for residual activity (t = 0). The remaining solution from B was treated with 
2-P AM (0.20 mL; 1 x 10-2 M), and vortexed at regular intervals for the dur~tion of the 
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experiment. At selected time points, 1 mL aliquots of B were transferred to cuvettes 
containing DTNB and ATCh-1 and the enzyme activity was measured. The rate constants 
of oxime-mediated reactivation (koxime) were calculated from the linear portion of the 
slopes (zero to 20 min) (Figure 15) according to eq. 21 : 
where; 
A0 - A( = (AChE activity without inhibitor at time = 0) -
(activity of reactivated AChE with oxime at time = t) 
Aa - Aa' = (AChE activity without inhibitor at time = 0) -
(activity of inhibited AChE without oxime at time = 0) 
(21) 
IV. Non-reactivation. Rat brain AChE stock solution (0.20 mL) was diluted to 1.00 mL 
with phosphate buffer and incubated for 20 min with inhibitor to produce approximately 
10-15 % residual activity. Following the inhibition, the sample was diluted with 40 mL 
phosphate buffer (t = 0) and at regular time intervals, 1.00 mL aliquots were withdrawn 
and added to a 1.52 mL solution containing DTNB and ATCh-1 as noted previously to 
determine the enzyme activity that returned via spontaneous reactivation over the time 
course of this experiment. Concurrently, 2.00 mL aliquots were withdrawn and allowed 
to react with TMB-4 (0.01 mL, 2.00 x 10·3 M) or 2-PAM for 20 min. The enzyme 
activity was evaluated as described above to determine the amount of returned activity 
from oxime-mediated reactivation. The rate constants of non-reactivation (k:NR) were 
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calculated from the linear portion of slopes (20-60 min) (Figure 15) according to eq.22: 
where: 
Ai -Ai' = 
(22) 
(activity of the reactivated enzyme with oxime at time = t) -
(activity of the inhibited enzyme without oxime at time = t) 
A0 - A0 ' = (activity of reactivated enzyme with oxime at time = 0) -
(activity of inhibited enzyme without oxime at time = 0) 
APPENDIX A 
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1. Determination of Bimolecular Inhibition Constant k/s 
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2. Determination of Kinetic Constants, Kn, kP, and k; 
1 I [I] = ~ ( t I A In V) -1 /Kn 
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3. Determination of Spontaneous Reactivation Rate Constant, k0 
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4. Determination of Oxime-mediated Reactivation Rate Constant, koxime 
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10.000 0.5000 0.1680 o. 1970 0.19'.20 0.1890 o. 192(1 
11. 000 (l. 536(> 0.11:0 0.205(! 0. :C>l<) o. 1990 0.::020 
1:.000 0.5730 o. 1770 0.:140 o. 211)(1 0.::100 (l. 2130 
13.000 0.6110 o.1s:o 0.2220 0.'.2190 0.:100 0.2::50 
14.000 0.6480 o. 1870 o.::'300 0.::90 0.:::90 0.23:50 
CELL BLANK TIME1 TIME:: FACTOR RATE ... RESULT 
1 0 0.0000 14.000 l. 00(•0 0.0371 1.0000 0.0371 
2 0 c.oooo 14.000 1.00•)0 0.0043 0.9990 0.0043 
"' 
0 t.oooo 14.000 1 .. 0(!1.)0 C•.0077 0.9992 0.0077 
4 0 Sl.0000 14.000 1.0000 0.0086 0.9992 0.0000 
5 0 f.0000 14.000 1. 000(> 0.0094 0.9996 0.0094 
b 0 ... 0000 14.0(•0 1.0001) 0.0105 0.9995 0.0105 
CELL BLANK TIME1 TIME2 FACTOR RATE ... RESULT 
1 0 
''· 0000 14.000 1.00(•0 0.0219 1. 0000 0.0219 2 0 /'/.. 0000 14.000 1.0000 O.t)226 0.9999 0.0226 
3 0 4.0000 14.000 1: t)OOO 0.0=30 0.9999 0.0230 
4 0 ,,.0000 14. •)00 1. 0000 0.0236 1.0000 0.0236 
5 0 ~.000~) 14.000 l. 0000 0.0246 0.9999 0.0246 
6 0 ~-00(>(> 14.000 1.0000 0.0247 (1.9999 0.0247 
CELL BLANK TIME1 TIME2 FACTOR RATE ... RESULT 
l 0 Jl .00(>0 14.0(10 1.0000 0.027: 1. 00(>0 0.0:72 
: 0 ,32.0000 14.000 1.0000 0.•)276 1.0000 0.0276 
0 .95. 0000 14.000 1.0000 0.0276 0.9999 0.0276 
4 0 ,....0000 14.000 1.0000 0.0277 0.9999 0.0277 
5 0 :16.0000 14.000 1.0000 0.0278 1.0000 0.0278 
6 0 .;o.oooo 14.000 !. 0000 0.0282 o.9999 0.028:! 
CELL BLANK TIMEl TIME:: FACTOR RATE ... RESULT 
1 0 .ff..oooo 14.000 1.0000 0.0283 0.9999 0.0293 
: 0 #.0000 14.000 1. 0000 0.0294 1.0000 0.0294 
3 0 "8.oooo 14.000 1.0000 0.0292 1. 0000 0.0292 
4 0 ~.0000 14.000 l.0000 0.0293 !. 0000 0.0293 
5 0 sm.oooo 14.000 LOOOO 0.0296 1.0000 0.0296 
6 0 ,n..oooo 14.000 1.0000 0.0298 0.9999 0.0298 
CELL BLANK TIME! TIME: FACTOR RATE ... RESULT 
1 0 /'4..0000 14.000 1.0000 0.0295 1. 0000 0.0295 
2 0 ,!l.0000 14.000 1.0000 0.0298 1.0000 0.0298 
3 0 ~.oooo 14.000 1.0000 0.0299 1. 0000 0.0299 
4 0 J;.oooo 14.000 1.0000 0.0302 o.9999 0.0302 
5 0 ,t.oooo 14.000 1.0000 0.0303 1. 0000 0.0303 
6 0 tf.oooo 14.000 1.0000 0.0299 0.9998 0.0299 
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CELL BLAN!<; TIME1 TIME:: FACTOR RATE r F:ESULT 
.., (i -• 1)(:1:J(l !~.·>: ... _• l. ·:i(h:n: <i. osa=: 
'• 
.. :!•:11:•..:• (..·. ·)585 c.i-t:rtol 
(• l. ·:.o~: t:i(· 10. ( ... ~.: .. l. uOC10 (:·.·.:iCS.:. •:i. :;;~-;.: -: .• ·:1(;S! ~. 
·~ (1 :1.•:i·.)C· :.l). 1:1(i•:.• 1. ·:11)(»:·. -:1.•:1::1:17 '·.' 9·:;,9·-? - :\ •. :··::·.)7 
4 0 :1. t)(.1(, ::o. (•0•.:• ! . 1)(1(1(· ( 1 • 01.:= (,. ~9c:- ·.) •.. : .. 1::..: 1t: 
:5 0 2~. 1:1 C(1 35.1)00 1. (l(i!)(' •). 1)1 :::. i.:i. ·;99.=i ·:·. ·:..1::: ":"~( 
b 0 ::1. ·.)(i(• 4( •• (100 1. ·:1\)(1( o. !..">l ::; l). ·=t9~c .:•.\:.1:::-· .. 
1 •j ::6. 0•)(~ 4'5.·.)0(.· 1. 1::(1()(• i). 1)14::: O.?S'-?=: <·. r)l43't.11 <' 
.. 0 41. C1<·0 5(1. (•(<1 1. (1(1(1\) (;. 01 •7.; ') . :;;~~c .. :> (·. ·:il t:;:o 
"' 
0 41. OCH) 51).00i:1 l.·)0(..,·:· . ::1.014.J. (i • 9~9: ·:•. ·)144 .. ,,,, 
4 0 4::?. Ot)(• ::5.(11:<.• 1. t)i)(.•( o. ·:1t 9(i (l. q~·~·- -:(·.::. :\191) 
:5 0 .;.o. oc1C· 55.0(:•:1 l. C•(n)(i 1).01-+8 0.99C7 -:·. ·:·148 r ...... 
6 <) 51. 0(• 1) 60. (:.0(· l. !)t)J.)(1 (1. 018'~ (•. 99<;7 '"':")• ·). ·:·1.39 
1 0 5l.0(H) 60 .. 00(. 1. 00(1(; 1). 0!43 0.0997 ·~1.•:·1.:;.S'iv 
.. 0 56.000 65. 0(1 1:• ! . •)O(!t) (1. (1185 1). q·=?98 1"1<;::,.i:•!SS 
:::; (i 56.1...)0,)•:· 65. 0(10 ! .. (1(•(l(1 0.0147 \). 991:;~ 1:,. (11..+7":""' 
4 0 :,1. 0(1(1 /(). (l(u: 1. ()000 0.\)137 1. ;)(10t::• -r"°':i. ·:.iS7 
:5 (1 01. ('1!)(1 70.0(Ji) l. 00<)0 (1. •)149 0.999:i (i .. 014~.,. • ., 
" 
0 66. 0(•1) 75.(l(i•.:i 1. 0(1(,(• 0.0157 •) .. 9980 r.c1:i. (1157 
(I 66. 01)(! 75. VC10 1. (10(l(1 0.0151 (j. ~09·:; •). (.1151 "'1-t 
2 0 71. •)(l~· av. ·:1i)t.1 1. ~)00(1 (•. •:1175 ·). ~997 "J"'l'-'(· 0 •)1/5 
"' 
0 7!.000 90. 00(1 l. (H)')•) 0.0154 0.993::: v. 1)154"'•"' 
4 0 76. (H)t) 65. 00(1 1. ~)O(n) (1. 0174 0.999.::: 7'1'•:!.0174· 
5 0 76. 0(10 85. 0(10 l. 0000 :). 0151 0.9997 O. ~)lS!i 'f"t 
0 0 81. 1)(H) 90. OO(i 1. 00()(1 I). (117(1 0.990: TIO•,:i.1)170 
0 51. C>UO 90.000 1. t)(J1)(1 ( 1 • 0149 0.9998 o. ')149 1'50' 
2 0 So.OOC:. 95. (10;:. .1. 00(10 1:1. •)171 0.:1.99ct7 r,, (1. 01 :-1 -· 
:::; 0 S6. VOC• 95. (i(H) 1.1)(•\)(· (1. 0151 0.9996 0.0151 ,..,1 I 
4 0 c;1.01)•:· !(•..:.~. (H) 1. 01.)Q(i (i. 0174 0.9;;95 r~. 1). 0174 
5 0 i; l. Cn)O 1 ()•). O•:i l. ,)(1(1•) i: .... 0153 0.999:: '.).(1153 T,.o' 
b (1 96.(>!)•:• 105.00 .l .(1(;(1C- (1. 1)166 •:i.909~ '~1). t)168 
1 0 96 .. \)(1(' lCiS. ci.:: 1. 1)(1,:.•\:1 (l .. 015:: i:,.9997 o.01s: f't('' 
2 0 1(11 .. (•t) 110. •)(; 1 .• (i0(it) (•. 0163 0.9996 "'J'1·j. 0163 
3 0 101. 0(• 110. (10 1. (j(;(il,j 0.0149 0.9999 (,.OH9 "!', ... ' 
4 0 1\:i6.•)V 115.(H) 1. 00()(> i: .• 0167 0.9999 Tsf i). 0167 
:5 0 106.•)0 115 .. •)l) l. 0(F)(1 0.0153 0.9996 ( 1 • 0153 i . .a(' 
0 0 111. Ov 1::0.00 1.000(- 0.0167 0.9997 ;~ 0.0!Q7 
1 0 111. 00 120.00 1. 000(• C.o .. 0151 0.9994 •).0151 T,,,, ' 
2 0 110.00 12'5.00 1.0000 o. ~ll63 0.9999 r.r v • .:>10:; 
;s 0 116.00 1:s.oo 1.•:.000 0.0149 0.9993 (•. 0149 1,.<' 
4 0 121.00 130.00 l.OOOt:• ( •• 01.:1 0.99'1'1 1,.,..:). •)161 
:5 0 1:L ·:.o 1:::0.0•) 1. (•000 0.014S (•. 9997 \:1.(1148 i,,CJ ' 
0 0 1=c. O•) 13~. ·.)(. ! . 000() O.O!oO 0.9995 .,.,v(().•)160 
1 0 1:1. 0(1 140.00 1.0(>c)I) 0.016~ (1.9999 1'1101). •) 165 
2 0 1J6. ·)0 14:;.oo 1 • (1(H)(1 (•. 0158 0.9'19: 1',.<cj. ·)159 
:::; 0 141. 01) l:::iO. 0(1 1.CiVO<) 0.0157 V.99C:~ <f",~•).(1157 
6. Determination Program of Bimolecular Inhibition Constant, k; 
1000 ' KI .... AN ENZYME INHIBITION ANALYSIS PROGRAM 
1100 ' Determination of Bimolecular Rate Constants "ki" 
1200 'Written by Seungmin Ryu 
1300 ' This program was written using equations from: 
1400 'INTRODUCTION TO BIOSTATISTICS by Sokal and Rohlf 
1500 ' For GWBASIC 
1600 ' ******ENTER TIME POINTS following Time= 0 ****** 
1700 CLS: PRINT "DETERMINATION OF ki" 
1800 DIM X(lOO): DIM Y(lOO): DIM A(lOO) 
1900 PRINT: INPUT: "Name of inhibitor compound: ",INHIB$ 
2000 PRINT: INPUT: "Inhibitor concentration (M): 11 ,INHIBCONC 
2100 PRINT: INPUT: "This is Run#: ",R: CLS 
2200 PRINT: INPUT: "Number of cuvettes = 11 ,N 
2300 PRINT "Cuvette # 1:": PRINT "Time (min) = ";0 
2400 INPUT "Activity (rate)= ",AO: PRINT 
2500 For C=l to N-1 
2600 PRINT "Cuvette#";C+l;":": INPUT "Time (min) ='',X(C) 
2700 INPUT "Activity (rate)= ",A(C): PRINT 
2800 Y(C)=LOG(AO/A(C)) 
105 
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2900 SUMX=SUMX + X(C) 
3000 SUMY=SUMY + Y(C) 
3100 SUMXY=SUMXY + X(C)*Y(C) 
3200 NEXTC 
3300 XMEAN=SUMX/(N-1) 
3400 YMEAN=SUMY/(N-1) 
3500 SUMPRODXY=SUMXY-SUMX*SUMY/(N-1) 
3600 FOR C=l TO N-1 
3700 SUMSQRX=SUMSQRX + (X(C)-XMEAN)"2 
3800 SUMSQRY=SUMSQRY + (Y(C)-YMEAN)"2 
3900 NEXTC 
4000 SWPE=SUMPRODXY/SUMSQRX 
4100 INTERCEPT=YMEAN - SLOPE*XMEAN 
4200 CORRELCOEFF=SUMPRODXY/(SUMSQRX*SUMSQRY)".5 
4300 STDDEVSWPE=(((SUMSQRY-SUMPRODXY"2/SUMSQRX)/3)/SUMSQRX)".5 
4400 Kl=SLOPE/INHIBCONC 
4500 CLS: LPRINT: LPRINT: LPRINT 
4600 LPRINT TAB(lO); "Bimolecular Inhibition Rate Constant Determination: 'ki"' 
4700 PRINT TAB(lO); "Bimolecular Inhibition Rate Constant Determination: 'ki"' 
4800 LPRINT: LPRINT: LPRINT 
4900 LPRINT: LPRINT " Inhibitor Compound: " TAB( 40)1NHIB$: LPRINT 
5000 PRINT: PRINT "Inhibitor Compound: " TAB( 40)INHIB$: PRINT 
5100 LPRINT"Inhibitor Concentration: "TAB( 40)INHIBCONC; "M" :LPRINT 
5200 PRINT" Inhibitor Concentration: "TAB( 40)INHIBCONC; "M" :PRINT 
5300 LPRINT "Time","ln(AO/At)"TAB(40) "Run #";R: LPRINT 
5400 PRINT "Time","ln(AO/At)" TAB(40) "Run #;R: PRINT 
5500 For C=l TO N-1 
5600 LPRINT X(C),Y(C):PRINT (X),(Y) 
5700 NEXT C 
5800 LPRINT: PRINT 
107 
5900 LPRINT "Equation for the Line:" TAB(40) "Y= ";SLOPE;" X +";INTERCEPT 
6000 PRINT "Equation for the Line:" TAB(40) "Y= ";SLOPE;" X +";INTERCEPT 
6100 LPRINT: LPRINT :Correlation Coefficient: "TAB( 40)CORRELCOEFF: LPRINT 
6200 PRINT: PRINT "Correlation Coefficient: "TAB( 40)CORRELCOEFF: PRINT 
6300 LPRINT "Standard Deviation of the Slope: ";TAB(40)STDDEVSLOPE: LPRINT 
6400 PRINT "Standard Deviation of the Slope: ";TAB( 40)STDDEVSLOPE: PRINT 
6500 LPRINT "·····················>>>>>"· TAB(40) "k1' =Kl . . . .. . . . . . . . ... . . . . . . '
6600 PRINT "·····················>>>>>"· TAB(40) "k1' -KI ..................... '
6700 LPRINT CHR$(12) 'Epson Printer Form Feed 
6800 END 
108 
7. SAMPLE SPECTRA 
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PART II 
I. Amaryllidaceae Alkaloids. 
CHAPTERS 
INTRODUCTION 
The Amaryllidaceae alkaloids are a biologically interesting group of naturally 
occurring compounds that have a diversity of functionality and structure (Jeff, 1973; 
Fuganti, 1975; Stevens, 1977). Over 100 alkaloids have been isolated from members of 
the Amaryllidaceae, and most of them can be categorized into eight major subgroups: 
lycorine, lycorenine, narciclasine, galanthamine, crinine, pretazettine, latisodine, and 
montanine (Martin, 1987). 
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II. Narciclasin, Lycoricidine, and Pancratistatin and Their Biological Activity. 
The use of certain Amaryllidaceous plants in the primitive treatment of cancer can 
be traced to the fourth century B.C.. With this early interest in the Amaryllidaceae 
family, which has 65-85 genera containing 860-1100 species (Gibbs, 1974), 10% have 
been investigated for alkaloid constituents, and over 70 basic metabolites have been 
isolated (Cook and Louden, 1952; Wildman, 1968 and 1970; Fuganti, 1975). 
Narciclasine 24 isolated from Narcissus bulbs (Ceriotti, 1967; Piozzi et al., 1968; 
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Fuganti and Mazza, 1972; Mondon and Krohn, 1972) and lycoricidine 25 isolated from 
the bulb of Lycoris radiata (Okamoto et al., 1968) are known as powerful antimiotic 
agents which remarkably inhibit eukaryotic protein synthesis at the ribosomal level 
(Barbacid and Vazquez, 1974). Comparative binding studies demonstrate that narciclasine 
is an antitumor agent that exerts an antimiotic effect by inhibiting protein elongation in 
eukaryotic cells at the formation of peptide bond, apparently by interacting with intact 80 
S ribosomes at or near the peptidyl transferase center (Martin, 1987). The active site 
seems to be accessible to the biogenetically related Amaryllidaceae alkaloids 
haemanthamine and pretazettine and the structurally diverse elongation inhibitors 
including anisomycin, nonmacrocyclic trichothecanes and homoharringtonine (Jimenez et 
al., 1975; Jimenez et al., 1976; Baez and Vazquez, 1978; Rivera et al., 1980). 
Recently, the structurally related phenanthridone alkaloid, pancratistatin 26 was 
isolated from the same cytotoxic extracts of the root of the native Hawaiian plant, 
Pancratium littorale with two Amaryllidaceae alkaloids, narciclasine and lycoricidine by 
Pettit and co-workers (Pettit et al., 1984 and 1986). 
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Pancratistatin 26 is effective (38-106 % life extension at 0.75-12.5 mg/Kg dose 
levels) against the murine P-388 lymphocytic leukemia, PS system. Pancratistatin also 
inhibited (ED50> 0.01 g/mL) growth of the P-388 in vivo murine M-5076 ovary sarcoma 
(53-84 % life extension at 0.38-3.0 mg/Kg) (Pettit et al., 1986). In anticancer test where 
tests (1) to control (C) survival ratios of 180 are selected for indicative promising 
activity, pancratistatin has recorded T:C values as high as 206, leading to significantly 
greater activity than narciclasine and lycoricidine (Pettit et al., 1986; Danishefsky and 
Lee, 1989). 
III. Isolation and Stability of Pancratistatin. 
Following extraction of the bulb section of P. littorale with methylene chloride-
methanol-water, pancratistatin was concentrated in a butanol extract of the aqueous layer, 
which was purified by selective solubility and gel permeation chromatography (Sephadex 
LH-20) to give a colorless solid. However, the parenteral administration was problematic 
due to insolubility of pancratistatin in a variety of organic solvents, very high 
decomposition point, and non-basic character in the beginning of solution. Therefore, its 
pentaacetate 27, and its monoethyl ether 28 were prepared for the interpretation of the 
elemental analyses, X-ray analysis, and spectral data of pancratistatin. Recently, Torres-
Labandeira et al. (1990) reported the acceptable preparation in aqueous solutions 
containing different cyclodextrin and digitonin derivatives. Pancratistatin in 
hydroxypropyl-y-cyclodextrin was stable for at least 4 h when kept in a plastic container. 
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OR2 
<° 0 
OR 0 
27. R = R1 = R2 = R3 = R4 =Ac 
28. R = Me, R1 = R2 = R3 = R4 = H 
IV. Synthetic Significance of Pancratistatin. 
Even though pancratistatin reveals efficient in vivo antitumor activity in animals 
with highly therapeutic indices, preclinical development of pancratistatin has been 
impeded because of the practical difficulties encountered in the separation of 
pancratistatin from other alkaloids, and the limited quantity found as a natural product. 
The limited availability of pancratistatin for further biological evaluation has sparked 
efforts aimed at the development of useful synthetic routes to pancratistatin. An 
imaginative total synthesis of racemic pancratistatin (Scheme 12) was reported by 
Danishefsky and Lee (1989). 
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Scheme 12. Total Synthesis of ( +/-)-Pancratistatin. 
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In particular, pancratistatin is of great synthetic interest because of its challenging 
structure that includes six continuous asymmetric centers in the "C" -ring. Therefore, this 
total synthesis was a prominent first attempt, initiating several groups to begin synthetic 
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approaches to pancratistatin. 
V. Model Studies Toward Pancratistatin. 
Several synthetic pathways have been investigated as model studies to approach 
pancratistatin (Oark and Souchet, 1990; Thompson and Kallmerten, 1990; Lopes et al., 
1992; Angle and Louie, 1993). Clark and Souchet (1990) concentrated on forming 
optically active carbon-carbon linkages by cyclo-condensation (Haimova et al., 1977; 
Cushman and Cheng, 1978) of a suitably functionalized homophthalic anhydride and a 
chiral imine (Scheme 13). 
Scheme 13. Clark and Souchet Approach. 
0 
0 
·/:X 
N 
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Lopes and his co-workers accomplished 1,4-addition of an ortho-lithiated 
benzamide derivative to 1-nitrocyclohexene, resulting in the 2-aryl-1-nitrocyclohexanes, 
which is further transformed into the pancratistatin tricyclic ring system (Scheme 14). 
<
o:Q 5steps., 
(40%) 
0 
COif 
Scheme 14. Lopes Approach. 
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Unlike Lopes and co-worker, Thompson and Kallmerten mainly focused upon the 
synthesis of chiral configurations at the C-ring via annulative construction (Scheme 15). 
Scheme 15. Thompson and Kallmerten's Model Study. 
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Finally, Angle and Louie applied a new synthetic approach toward the synthesis of ( + )-
pancratistatin. They accomplished, in 17 steps (10% yield), the synthesis of a highly 
functionalized cyclohexenone via a quinone methide initiated cyclization reaction (Scheme 
16). 
Scheme 16. Angle and Louie Approach. 
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In this study, the authors wished to define four of the six stereocenters of the 
pancratistatin C ring, offering several options for entry to the final target molecule of the 
desired phenanthridone system. To date, their work stops at the protected chiral C ring 
instead of the final product. 
In summary, the total synthesis done by Danishefsky and Lee gave 0.13 % overall 
yield via 26 steps. And all attempts to conduct the Overman rearrangement were 
unsuccessful. Many approaches also remain long and/or not amenable to structural 
variation in the C-ring, which would be useful in structure-activity studies. Therefore, the 
focus of this dissertation will be on the preparation of the phenanthridone_ system of 
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pancratistatin with easier and more efficient pathways, leading to the main portion of 
pancratistatin (Section VI). 
VI. A New Synthetic Strategy 
Although a total synthesis of pancratistatin and several imaginative approaches to 
the general skeleton were reported, there is still development for an economical, 
straightforward route to the alkaloid, one that could be used to prepare sufficient quantity 
of pancratistatin for use in clinical trials. In this dissertation, our preliminary synthetic 
efforts concentrated on the synthesis of the isoquinolone portion of pancratistatin. 
A. Isoguinolone - Isolation and Previous Synthesis. 
The A and B rings of pancratistatin 26 are well known as the isoquinolones 29, 
an isomer of the quinolones 30. 
0 
29. Isoquinolone 30. Quinolone 
lsoquinolones are a small group of alkaloids present in plants that occur only in 
minor amount. Some examples are shown in Table 8. 
<° 0 
<° 0 
Table 8. Isolation and Synthesis of lsoquinolones. 
0 
Rs 0 
Thalifolin 
Noroxyhydrastinine 
Doryanine 
Thalatamine 
R1=CH3, R2=R5::::H 
R3=R4=0CH3 
Si amine 
R1=R4=H, R2=Cl{3 
R3=Rs=OH 
Doryphornine 
R1=CH3, R2=R5::::H 
R3=0CH3, R4=0H 
obtained from Talictrum minus 
L. var. adiantifolium Hort 
(Ranunculaceae) (Doskotch et al., 
1969). 
obtained from Talictrum minus 
L. var. adiantifolium Hort 
(Ranunculaceae) (Doskotch et al., 
1969). 
synthesized by Perkin, Jr. (1980). 
obtained from Doryphora sassafras 
Endlicher (Monimiaceae) (Gharbo 
et al., 1969). 
synthesized by Belgaonkar and 
Usgaonkar (1977). 
obtained from Thalictrum minus 
variety (Ranunculaceae) (Mollov and 
Dutschewska, 1969). 
synthesized by Duchevska and Mollov 
(1975). 
obtained from Cassia siamea 
(Leguminosae) (Ahn and Zymalkowski, 
1976; El-Sayyad et al., 1984). 
Synthesized by Ahn and Zymalkowski 
(1976). 
obtained from Doriphora sassafras 
Endlicher (Monimiaceae) (Chen et 
al., 1976). 
141 
142 
The isoquinolones can be subdivided into a totally aromatic nucleus such as 
doryanine or 3,4-dihydroxyisoquinolones such as thalifoline. Aromatic isoquinolones may 
be prepared by the thermal rearrangement of isoquinoline N-oxides (Robison and Robison, 
1956). Some isoquinolones are derived from the oxidation of isoquinoline precursors 
(Cava et al., 1966; Gharbo et al., 1965). In contrast, isoquinolones are also used as 
precursors in the preparation of isoquinolines (Brossi et al., 1965). 
A typical synthesis of isoquinolones originates with homophthalic acid using 
drying agent sieves (Scheme 17), which was adapted to provide the protoberberine lactam 
(Iida et al., 1976). 
Scheme 17. Synthesis of Isoquinolones via Reaction 
of Homophthalic Acid with Amines. 
COOH 
2. NaBH4 
3. HQ, ethanol 
Alternatively, isoquinolones can be prepared by the alkaline hydrolysis of thiatriazines and 
the enediamine, by the condensation of isocoumarin with ammonia (Dusemund, 1977), 
or by the reaction of a-phthalimidoacetamides with sodium ethoxide (Schapira et al., 
1985). The lithium salts derived from position 3 of phthalides react with Schiff bases to 
produce isoquinolones (Dodsworth et al., 1983; Collins et al., 1989). 
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In our study we first propose to prepare isoquinolone via the reaction of a 3-
phenyl sulfonylphthalide carbanion with activated imines as shown in Scheme 18. 
Scheme 18. Preparation of Isoquinolone by the reaction 
of 3-(Phenylsulfonyl)phthalide with amines. 
cq: + (R2 BF3-Et:zO N-R1 -N....._ 
Ri 
0 0 ~ 
OH 0 
R2 R2 
N....._ 
Ri 
0 0 
R2 
0 
Phenylsulfonyl groups can stabilize an a-carbanion (Magnus, 1977; Bisch et al., 1985; 
Fuchs and Braish, 1986). In addition, while other carbanion-stabilizing groups may act 
equally well to stabilize the anion, the sulfonyl moiety offers the advantage that it can 
generally be removed as a leaving group while others can not. In spite of the reported 
usefulness of 3-phenylsulfonyl phthalide, for instance, in the preparation of 
anthracyclinone (Chenard, 1984) and 11-deoxyaunomycinone (Hauser and Mal, 1983) via 
reaction with substituted quinones and naphthalenones, respectively, the reaction of 3-
(phenylsulfonyl)phthalide with imines has not been yet reported. If successful, this 
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approach would provide rapid access to the isoquinolone ring system. 
Alternatively, nitro styrene molecules were selected to serve as intermediates. Use 
in Diels-Alder chemistry and the fact that the nitro group can be reduced to the amine 
easily, followed by cyclization to afford the lactam functional group of isoquinolones, 
makes this approach attractive. Retrosynthetically (Scheme 19), we propose that 2-formyl 
benzoic acid could be induced to undergo a DCC-coupling reaction with a disubstituted 
amine. The condensation and dehydration of 2-formyl-N,N-n-dipropyl benzamide with 
nitromethane could afford a f3-nitrostyrene derivative, which is used in the Diels-Alder 
reaction to prepare the "C"-ring of pancratistatin. Reductive transamination will complete 
the synthesis of the phenanthridone core of pancratistatin. 
Scheme 19. The Synthesis of Phenanthridone Core 
of Pancratistatin. 
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Our studies will explore the preparation of the synthetically worthwhile ortho-
functionalized benzaldehyde, which is stable in basic conditions for the condensation, and 
furnish the effective ~-nitrostyrene moiety, serving as a versatile building block in 
alkaloid ring construction. 
CllAYl'ER 6 
RFSULTS AND DISCUSSION 
Our retrosynthetic analysis (Scheme 19 on p. 142) of pancratistatin 26 suggested 
a convergent strategy wherein the C-ring of pancratistatin would be constructed using a 
Diels-Alder reaction of an A ring alkene-bearing precursor with the requisite C-ring 
butadiene derivatives, followed by ring closure to give the isoquinolone lactam B ring of 
pancratistatin. 
3-(Phenylsulfonyl)phthalide 33, readily available via reaction of 3-bromophthalide 
with benzene thiol followed by oxidation with m-chloroperbenzoic acid, was of 
demonstrated utility in the synthesis of substituted naphthalene (Hauser and Rhee, 1978), 
anthraquinones (Hauser and Prasanna, 1982), and 7,9-dideoxydaunomycinone (Hauser and 
Prasanna, 1981). The reaction of 3-(phenylsulfonyl)phthalide carbanion with 
electrophiles, such as a,f3-unsaturated carbonyl compounds takes advantage of the Michael 
acceptor properties to ensure regiocontrol, and the nucleophilic properties of phthalide 
anion to initiate bond formation. The value of phenylsulfonyl group is apparent as a good 
electron withdrawing group and leaving group because of the generation of the carbanion 
and the elimination steps, respectively. In prior studies, 33 was allowed to react with 
quinone and a,f3-unsaturated cyclohexenes to form complex multi-ring systems. 
In connection with this previous investigation, we sought to extend the utility of 
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the 3-(phenylsulfonyl)phthalide anion by using imines as electrophiles for the preparation 
of the isoquinolone. The first objective of the synthetic approach required the preparation 
of the 3-(phenylsulfonyl)phthalide 33 (Scheme 20) based on the safe and economical 
pathway, since m-chloroperbenzoic acid is toxic and explosive, and benzene thiol has a 
pungent odor. 
CX(o 
31 0 
Scheme 20. Preparation of 3-(Phenylsulfonyl)phthalide. 
NBS 
CCl4 
reflux 
cx;o 
32 0 
0-SH 
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Pb ~o 
33 0 
3-Bromophthalide 32, an intermediate envisioned for the synthesis of 33, was prepared 
in 80% yield via reaction of commercially available phthalide 31 with N-
bromosuccinimide, followed by recrystallization. The purity of 32 was checked by mp 
and the identification of the product was confirmed by 1H and 13C NMR and by 
comparison to the authentic preparation of 3-(phenylsulfonyl)phthalide via reaction of 32 
with benzene thiol followed by oxidation with m-chloroperbenzoic acid. The chemical 
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shift of the 3-CH proton in the 1H NMR was b = 7.4 ppm and was approximately 2 ppm 
further downfield than the phthalide methylene (b = 5.3) due to the electron withdrawing 
bromine compared to phthalide, which is consistent with the general effect of a halogen 
on the proton NMR spectrum. 3-(Phenylsulfonyl)phthalide 33 was synthesized by 
reaction of 32 with benzenesulfinic acid, sodium salt in the presence of tetra n-butyl 
ammonium bromide in a 54% yield after recrystallization. 3-(phenylsulfinic)phthalide 34 
resulting from reaction at the sulfinic acid oxygen was obtained as a minor product, as 
was also shown in our previous study (Thompson and Frick, 1989). Prior to this success, 
the reaction conditions were extensively varied. Exclusion of tetra n-butyl ammonium 
bromide, the use of different solvents, reaction duration, reaction temperature, the use of 
a catalyst, and combinations of these variables were attempted. However, no profound 
effect on the outcome was observed (fable 9). 
Table 9. Variations of Reaction Condition and Results for the Preparation of 33. 
solvent temp. catalyst result 
CH3CN rt and reflux reaction was not completed. 
EtOH rt and reflux same as above 
abs. EtOH rt and reflux same as above 
DMF reflux same as above 
DME reflux same as above 
DME reflux 18-crown-6 same as above 
THF reflux same as above 
THF reflux (n-Bu)4NBr 55% yield after purification. 
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To ensure the identification of 3-(phenylsulfonyl)phthalide, the product also was 
prepared according to a prior study (Broadhurst et al., 1982; Hauser and Rhee, 1978). 
Compound 32 was allowed to react with benzenethiol in toluene in the presence of 
triethylamine, followed by oxidation with excess m-chloroperbenzoic acid (m-CPBA) 
(Brown and Ford, 1969; Russel and Ochrymowycz, 1970) to give 33. Owing to the 
toxicity, cost, and pungent odor of thiophenol, the (n-Bu)4NBr/PhS02Na method was 
deemed an economical and safe alternative. 
Before condensations of 33 with activated imines were tested, quenching studies 
of the putative carbanion, 3-lithio-3-(phenylsulfonyl}phthalide, were performed. The 
anion of 33 was generated with LDA and to this anion solution was added deuterium 
oxide (D20) at time points 30 min through 2 h. Following acidic workup, anion content 
was checked by 1H NMR. We found that the anion formed by LDA was not stable after 
1 hr, and only 59% of the anion could be prepared after 30 min by estimation of the 
deuterium present by integration. Even though the result was not as good as we expected, 
the deprotonation of 33 with LDA is still used for the further steps in the preparation of 
isoquinolone. LDA was selected largely because alkyllithium bases would directly react 
with the lacton ring, and hydride bases were not strong enough to promote anion 
formation. 
Before attempting the imine reaction, butyraldehyde 35 was used to prepare the 
lactone 36 (Scheme 21) in model studies intended to optimize the addition-cyclization 
procedure. 
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Scheme 21. Reaction of 3-(Phenylsulfonyl)phthalide with Butyraldehyde. 
oq: o:r~ Pr 0 -LDA O + H....._ _...Pr 1HF (_Ii -78oC 
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To 3-lithio-3-(phenylsulfonyl)phthalide solution was added butyraldehyde to afford 4-
hydroxy-3-n-propyl benzoisopyran-1-one 37 as a major product. Its tautomer 36 also was 
observed by NMR in minor quantities. This model study was successful, giving a 50% 
yield after purification. The structure of 37 was identified by the 1 H and 13C NMR 
spectra, but the composition was not fully proved yet. Unlike the reaction with the 
aldehyde, the reactions of 33 with several conjugated imines, previously activated by 
boron trifluoride etherate (BF3-Et20), were not productive (Scheme 22). Different types 
of bases (LDA, NaH, t-Buo·K+), different equivalents of base (1.1, 1.5, 2), different 
temperatures (-78 °C, -78 °C to rt), and co-solvent (HMP A) were used, but the outcome 
remained disappointing. 
Scheme 22. Reaction of 3-(Phenylsulfonyl)phthalide with Imines. 
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We next varied the experimental conditions using unconjugated imine or imine-
HCl salts, with or without the co-solvent HMP A. Because the evidence for formation of 
the lactam moiety was obscure in the reaction of free imine, the imine salt was prepared. 
In the first experiment a solution of 33 dissolved in THF and HMP A was prepared, 
followed by addition of base. The anion solution was then transferred to a solution 
containing activated imine. The product was purified by chromatography using petroleum 
ether:ether/1:1 after standard acidic workup. In the second variation 33 was dissolved in 
THF followed by the addition of HMPA. To this solution was added base, and the anion 
solution was then transferred to a flask containing the iminium salt. The product was 
purified in the same manner as above after acidic workup. Last, the procedure was the 
same as the second except using an iminium salt solution in HMPA. However, these 
three reaction conditions afforded different products with different polarity by TLC. None 
of the reaction conditions suggested formation of either product ( 42 or 43), as evidenced 
by extraction of an acidic aqueous layer with ether (no products removed). 
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Since addition to an imine functional group did not seem fruitful, we concentrated 
on the introduction of the amide moiety of the isoquinolone. It was previously shown 
that primary amines could attack the carbonyl group of esters (Muth et al., 1967; Gensler 
et al., 1975). N-Benzyl-2-carbinol benzamide 45, which is an intermediate product 
envisioned for further C-C-bond building reactions, was prepared via reaction of phthalide 
31 with benzylamine 44 in THF to give over 80% of amide (Scheme 23). Because the 
aldehyde group is a useful electrophilic site and a useful coupling partner, the oxidation 
of 45 was conducted by pyridinium dichromate (PDq (Corey and Schmidt, 1979). 
However, N-benzyl phthalimide 47, identified by 1H and 13C NMR, was obtained rather 
than N-benzyl-2-formyl benzamide 48 (Scheme 23). The product 47 was likely formed 
by a stepwise reaction via oxidation of the hydroxyl group to the aldehyde, nucleophilic 
attack on the aldehyde by the sec-amine moiety of N-benzyl group to form the 
hemiaminal, and further oxidation to the phthalimide. 
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Scheme 23. Reaction of Phthalide with Benzylamine and Oxidation of 45. 
~Io + Nllpl:zl'h nIF reflux 
0 
31 44 45 
46 rt 
0 0 
or 
0 0 
47 48 
not observed 
Therefore, to prevent this unfavorable cyclization/oxidation reaction from occurring, 
protection of the hydroxyl group was warranted. Reaction of 45 with tert-butyl dimethyl 
silyl chloride (TBDMS-0) 49 (Corey and Venkateswarlu, 1972) gave 50 in over 90% 
yield (Scheme 24). The structure of 50 was assigned with 1H and 13C spectra, but the 
composition was not proved. With 50 in hand, we first sought to install an amine 
sidechain group that could be subsequently cyclized onto the aldehyde (after deprotection 
and oxidation of the TBDMS ether). An acetate group was selected since an a-carbanion 
could be easily generated, which could close onto the latent aldehyde position. 
Scheme 24. Protection of 45 and N-Alkylation of 50. 
(Y'oH ~Nlla!zl'h + TBDMS-a 
0 
45 49 
ex;~: 
0 
X=CHiCQ2Et or CH:zCH(OEt)i 
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Brr-<OEt 
52 51 
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Thus, N-alkylation of 50 with 2-bromo ethyl acetate 51 was attempted, but was 
not successful using a variety of experimental conditions (fable 10). 
Table 10. Reaction Conditions for N-Alkylation. 
solvent 
THF 
THF 
THF 
THF 
Toluene 
Toluene 
EtOH 
base 
NaH 
t-BuO-K+ 
n-Buli 
catalyst 
KzC03 (n-Bu)4N+ttso4-
NaH 
50% NaOH, KzC03 (n-Bu)4N+HS04-
KOH 
temp 
reflux 
reflux 
rt 
reflux 
reflux 
45 °C 
reflux 
Phase transfer catalysts (PTq, like tetra n-butylammonium hydrogen sulfate were shown 
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to aid N-alkylation significantly in some experiments (Gajda and Zwierzak, 1981), yet it 
was ineffective in our experiments. Therefore, we switched to another alkylating agent, 
bromoacetaldehyde diethylacetal 52, again using many different reaction conditions (Table 
9), but the results were poor. To clarify this result, benzamide was manipulated to react 
with 52 in the presence of the PTC, and this reaction provided the correct product by 1H 
and 13C NMR (Scheme 25). 
Scheme 25. N-Alkylation of Benzamide with Bromoacetaldehyde diethylacetal. 
54 
OEt 
r-<.OEt Br 
52 
50% NaOH + (n-Bu)4N+HSQ4- -----benune 
reflux 
55 
With respect to this outcome, the steric hindrance imposed by either the TBDMS and/or 
benzyl group made the reaction sluggish. Further, the disappearance of the TBDMS 
group was observed by 1 H NMR, suggesting that loss of the TBDMS ether occurred, and 
the reaction resulted in 0-alkylation at the hydroxyl group instead of N-alkylation. 
As a third strategy, nitromethane 56 condensation was considered, since the nitro 
group could be reduced to an amine which would be used to prepare the amide moiety 
of the isoquinolone. Reaction of 31 with 56 using n-BuLi as the base did not give the 
desired nitrostyrene (Scheme 26). 
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Scheme 26. Reaction of Phthalide with Nitromethane. 
CX(o 1. n-BuLi OH + UI3N02 THF/HMPA 
-78°C N02 
0 2.Ul3C02H OH 
31 56 57 
not observed 
Isolation of the major product of this reaction indicated dimerization, which was 
evidenced based upon the increase of the ratio of integration around the aromatic region 
of the 1 H NMR. Therefore, the starting material was changed to phthalic anhydride 58. 
However, reaction of 58 with nitromethane 56 using a variety of experimental conditions 
such as solvent, base, and temperature afforded only 2-carboxy benzoic acid 59 via 
hydrolysis, as seen by 1H NMR (Scheme 27; Table 11). 
Scheme 27. Reaction of Phthalic Anhydride with Nitromethane. 
0 
base 
58 56 
0 
0 
59 
OH 
OH 
Table 11. Condensation of Phthalic Anhydride with Nitromethane. 
solvent 
THF 
THF 
THF 
THF/HMPA 
THF/HMPA 
MeOH/glacial a.a8 
DMS 
CH3N02 
base 
Na2C03 
LDA 
n-BuLi 
n-BuLi 
n-BuLi 
NaOCH3 
t-Buo-K+ 
NaH 
temp. 
rt to reflux 
-78 °C 
-80 °C 
-80 °C 
-80 °C to rt 
rt 
rt 
o 0c 
8 Cat. amount of glacial acetic acid was used. 
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Finally, we attempted the use of a 2-formyl benzoic acid because esterification of 2-
formyl benzoic acid should be easily performed, and the resulting ester group could be 
used for the preparation of the amide moiety. Further, condensation of an aldehyde group 
with nitromethane is well known (e.g. Gardiner and Bryce, 1990; Minami and Uyeo, 
1964) to produce the corresponding f3-nitro styrene. This f3-nitro styrene functional group 
can then be used for the preparation of the "C"-ring of pancratistatin via a Diels-Alder 
process. Accordingly, methyl o-formyl methylbenzoate 60 was synthesized in over 90% 
yield by the reaction of 2-formyl benzoic acid with methyl iodide in the presence of 
potassium carbonate (Brown and Sargent, 1969). However, the reaction of 60 with 56 
was not successful (Scheme 28). 
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Scheme 28. Reaction of 2-Fonnyl Methylbenzoate with Nitromethane. 
Ullyot and coworkers (1945) and Baer and Kienzle (1965) showed that the reaction 
between 2-formyl benzaldehyde 62 or 2-carboxy benzaldehyde 63 and nitromethane gave 
3-nitro-methylphthalide 64 instead of the f3-nitrostyryl products 65 (Scheme 29). Baer 
and Kienzle proved the formation of 3-nitromethyl phthalide by the difference in the UV 
Aniax compared to those of 3- and 4-f3-nitrostyryl benzoic acids. Whereas 3- and 4-f3-
nitrostyryl benzoic acids show a diagnostic f3-nitrostyrene peak at 315 nm, the UV 
spectrum of 3-nitromethyl phthalide resembles that of phthalide showing very weak peaks 
at approximately 271 and 281 nm. They also suggested a mechanism. Following the 
generation of an oxyanion from the condensation of 62 with 56, 64a is obtained by 
intramolecular attack of the oxy anion at the second aldehyde, followed by oxidation to 
give 64. Similarly, the reaction of 63 with 56 gives the oxy anion, which is biased 
toward taking a proton from the nitromethyl group to give a hydroxyl group. Instead of 
introducing 65, this hydroxyl moiety undergoes the intramolecular esterification with the 
carboxylic acid group to produce 64 rather than dehydration. To reaffirm our results, we 
conducted the preparation of 3-nitromethyl phthalide (Baer and Kienzle, 1956), and it 
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showed the characteristic 'max at 272 and 280 nm in MeOH (Appendix B). Furthermore, 
the identification of compound 64 also was confirmed by proton NMR, which showed one 
doublet of quartets for the 3-nitromethyl (CH:i) group at 4. 76 ppm and one quartet for the 
3-benzylic proton at 6.12 ppm. Thus, we sought to find a more reliable pathway for 
introduction of ~-nitro styrene. 
Scheme 29. Reaction of 2-Formyl Benzaldehyde and Benzoic Acid with Nitromethane. 
0 NOi 
H 1.KOH 
+ CH]N02 
H MeOH 
2.H+ 
0 OH 
62 56 643 
!Off 
0 NOi 
N02 
H 1.KOH 
+ CH3NOi MeOH OH x 
2.H+ 
0 0 
63 56 64 65 
not observed 
In an effort to optimize ~-nitrostyrene formation, a variety of conditions were 
tested for the preparation of 67 from benzaldehyde (Scheme 30). Many different 
conditions were tried as summarized in Table 12. 
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Scheme 30. Condensation and Dehydration of Benzaldehyde with Nitromethane. 
KOH 
+ CH3N02 -----• MeOH/Water 
66 56 67 
Table 12. Preparation of fl-Nitrostyrene. 
solvent reagents temp. duration results 
CH3N02 NH4Ci1f30 3, glacial a.a rt 3 days -
a 
NH4Ci1f30 3, (Ac0)2' glacial a.a 80°C 3 hr 
MeOH/water (1) KOH; (2) 10% H2S04 0°Ctort 2 hr +b 
EtOH BuNH2 reflux 22 hr 
Me OH BuNH2 rt 2 days 
BuNH2, JSC03 rt 3 days +C 
MeOH MeNH2-Ha ' JSC03, 20 °C 4 days 
a Reaction was not completed. b Product 67 was obtained. c 14% yield of product was 
afforded by GC. 
Condensations conducted in basic conditions (KOH in MeOH and water), followed 
by dehydration with 10% H2S04 gave favorable results, providing the characteristic 
yellow color (Worrall, 1941). In addition, the proton NMR showed two doublets 
corresponding to the two hydrogens of the conjugated double bond at 7.57 and 8.00 ppm. 
Unlike 3-nitromethyl phthalide, the product shows a large absorption at 310.5 nm 
(Appendix B). However, when the reaction is conducted with butylamine in MeOH or 
EtOH (Gore et al., 1992), potassium carbonate and methyl amine hydrochloride (Gadiner 
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and Bryce, 1990), ammonium acetate, acetic acid anhydride in glacial acetic acid 
(Mouhtaram et al., 1993), or ammonium acetate and glacial acetic acid (Hollis Showalter 
and Pohlmann, 1992), poor yields of the product resulted. Consequently, KOH(aq) in 
MeOH was chosen for the condensation of 63. Because the condensation of 63 in basic 
condition results in the formation of 64 (Scheme 29), the carboxylic acid group was first 
protected as an amide, which should not be subject to the cyclization side reaction. 
2-Formyl-N,N-di-n-propyl benzamide 69 was produced in a 65% yield via a 
coupling reaction of 63 with di-n-propyl amine 68 in the presence of 
dicyclohexylcarbodiimide (DCq (Rebek and Feitler, 1973) at 0 °C (Scheme 31) based 
upon the 63 consumed. The purity was checked by GC. The di-n-propylamide was 
chosen because the diethyl and pyrrolo-based amides were shown to hydrolyze under the 
nitro styrene formation reaction conditions. 
Scheme 31. The Coupling Reaction of 2-Formyl Benzoic Acid with di-n-Propylamine. 
0 0 
H 
DCC H 
+ HN(n-Pr)z 
OH CH2Cii- ooe N(n-Pr)z 
0 0 
63 68 69 
2-fl-Nitro styryl-N,N-di-n-propyl benzamide 70 (Scheme 32) was prepared in 65% 
yield by the reaction of 69 with 56 in KOH solution prepared in MeOH and water, 
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followed by dehydration with 10% HiS04 to form an oil or yellow crystals. The 
temperature was maintained at 0 °C for the condensation reaction, and increased from 0 
°C to room temperature for the dehydration step. The indicative yellow color for the ~­
nitrostyrene portion also was observed. 1H NMR showed two doublets for the conjugated 
double bond hydrogens at 7.54 and 7.99 ppm, as shown in compound 67. Even though 
there is a little bit of deviation in the UV Amax between 67 and 70 owing to the o-
functional group of 70, the large absorbance at 304.5 nm of the UV (Appendix B) for 70 
is in good agreement with that for 67, but not 64. 
Scheme 32. Preparation of 2-~-Nitro Styryl-N,N-di-n-Propyl Benzamide 70. 
69 
H 
N(n-Pr)2 
+ 
56 
1. KOH, MeOH/water, 0 °C 
2. 10% H2S04, rt 
0 
70 
~-Nitrostyrene is a good dienophile and is frequently used for Diels-Alder 
reactions (Gardiner et al., 1990; Minami and Uyeo, 1964). For example, 4-nitro-5-phenyl 
cyclohexene 72 (Rawal and Michoud, 1991) was prepared by the reaction of 67 with 
sulfolene 71 in xylene (Scheme 33) (Robert et al., 1985). Sulfolene is used because 1,3-
butadiene is a gas at room temperature, and sulfolene generates 1,3-butadiene at high 
temperature. Furthermore, these reaction conditions are compatible with the use of 
functionalized dienes, such as the Danishefsky diene, resulting in the formation of a,~-
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unsaturated carbonyl compounds (Danishefsky et al., 1982), which are worthwhile for the 
preparation of chiral hydroxyl groups. Diels-Alder reactions are useful to control the 
stereochemistry, which produces a trans product from the traris-fl-styrene compound. 
In our hands, the trans-4-nitro-5-phenylcyclohexene 72 was prepared by the 
reaction of 67 with 71 (5-days) using a closed system. However, the reaction was not 
completed, leaving approximately 10-15% of 71. The product 72 was purified by 
chromatography using hexane:ether = 7:1 to give white crystals of the cyclohexene 
product in 60% yield, which was calculated according to the amount of the reacted fl-
nitrostyrene. The disappearance of the yellow color and the two doublets at 7.57 and 8.00 
ppm in the 1H NMR further indicated reaction of the conjugated double bond of fl-
nitrostyrene. Compound 72 was identified by its the 1H NMR showing five multiplets 
for the two CH2 groups, two CH groups, and CH=CH protons. Thus, we used these 
reaction conditions to form the analogous ring system with the 2-carboxamide fl-nitro 
styrene 70. 
Scheme 33. Diels-Alder Reaction between fl-Nitrostyrene and Sulfolene. 
67 71 
xylene, reflux 
closed system 
5 days 
72 
4-Nitro-5-[2-N,N,-di-n-propyl benzamide ]-cyclohexene 73 was synthesized in 61 % 
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yield using the same method used for the preparation of 72 (Scheme 34). 
Scheme 34. Diels-Alder Reaction of 2-(3-Nitro Styryl-N,N-di-n-Propyl Benzamide. 
N02 0 xylene, reflux N02 + N(n-Pr)i closed system s 3days 9~ 0 0 
0 
0 
70 71 73 
The crude product was purified by chromatography. Unlike 70, the color of 73 was pale 
yellow. The identification of 73 was confirmed by mass spectroscopy, and 1H and 13C 
NMR spectroscopy. The 1H NMR showed the similar peaks corresponding to CH-N02 
and CH=CH at 5.05-5.18 and 5.59-5. 70, respectively, in agreement with the spectral data 
for compound 72. The fact that the Diels-Alder reaction proceeds despite the amide steric 
congestion is noteworthy. 
The reduction of a nitro group in the presence of the ester was accomplished using 
sodium borohydride with 10% palladium-on-carbon as catalyst in THF (Petrini et al., 
1987). However, 73 could not be reduced under the same conditions. Alternatively, tin 
chloride in concentrated hydrochloric acid (Buck and Ide, 1943) produced the amine. To 
a solution of tin chloride in hydrochloric acid at 0 °C was added 73, and the temperature 
increased to room temperature. Stirring was continued until there was no yellow color 
in the solution. A white solid separated from the reaction mixture when the reaction was 
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completed, and the product was obtained by an ether-water workup. 4-Amino-5-[2-N,N-
di-n-propyl benzamide]-cyclohexene 74 was extracted from the water layer at pH > 8 
(Scheme 35). Unfortunately, product 74 is not stable in air, possibly oxidizing to the N-
oxide, which was observed by TLC (another PMA stained spot), by a color change of 74, 
and by impurity peaks in the 1H NMR. Thus, the identification of the product 74 was 
not fully confirmed. 
Scheme 35. Reduction of 4-Nitro-5-[2-N,N-di-n-propyl]benzamide. 
+ Sn02 
HCI 
O °C to rt 
73 74 
However, the preliminary 1H NMR spectrum of 74 showed that the peak of the 4-CH 
proton in 1 H NMR spectrum was further upfield owing to the presence of NH2 instead 
of the N02 group. This change in the 
1 H NMR peak further supports the reduction of 
the nitro group. 
Next, we attempted to first hydrolyze and/or esterify the amide moiety of 73. In 
addition, since N,N-di-n-propyl benzamide 76 has the same amide functional group, 76 
also was used to optimize the reaction conditions as a model study for the hydrolysis of 
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amide compound 73. Compound 76 was prepared by the reaction of benzoyl chloride 75 
with di-n-propyl amine in the presence of 15% sodium hydroxide and ether at 0 °C 
(Shriner et al., 1964) (Scheme 36). 
Scheme 36. Preparation of N,N-di-n-Propyl Benzamide. 
CI ether, ooe N(n-Pr)z 
+ HN(n-Pr)z 15%NaOH 
0 0 
75 68 76 
However, attempts with different reaction conditions (Table 13) did not give a significant 
amount of esterification to 77 or hydrolysis to 78 (Scheme 37). Even intramolecular 
cyclization of 74 was unfavorable under basic conditions (sodium methoxide in THF). 
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Table 13. Hydrolysis and/or &terification Reactions. 
starting material solvent reagent temp. duration 
73 MeOH 50% H:zS04 reflux 20 hr 
25% H:zS04 50 <>c 18 hr 
water c.c H2S04 rt 5 hr 
MeOH BF3-MeOH rt to 50 <>c 20 hr 
76 CH202 Me3o+BF4- rt 2 days 
rt to 40 °C 2 days 
E~O+BF4- rt to reflux 2 days 
E~O+BF4- rt to reflux 1 day 
10% NaOH 20% H20 2 rt 20 hr 
CF3COOH rt 20 hr 
MeOH a rt 20 hr 
a. Amberlyte acid resin. 
Scheme 37. Hydrolysis and/or Esterification of Benzamide Moiety. 
N02 1. hydrolysis 
2. esterification 
0 
73 77 
C\N(•-P<), 
0 
hydrolysis (\OH 
0 
76 78 
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With respect to the acidhydrolysis of certain amides, the mechanism of this hydrolysis is 
dependent upon the amine substituents. Smith and Yates (1972) investigated the 
hydrolysis of amides over a range of temperature and acid concentration. They outlined 
two possible pathways among a number of possibilities (Scheme 38). These can be 
specified as acid-catalyzed bimolecular N-protonated cation (direct displacement 
mechanism) and acid-catalyzed bimolecular 0-protonated cation (intermediate mechanism) 
mechanisms. 
Scheme 38. The Hydrolysis Mechanism of Amides. 
0 0 0 
II • H20 II • II R-C-NH3 Hp--c--NH3 R-C-OH + NH3 
tt/ slow I R 0 II 
R-C-NH2 
~ OH OH OH ~,+ Hp I I • R-C""""'°NH2 slow R-C-NH2 R-C-NH3 I I OH2• OH 
! 
0 
II 
R-C-OH + NH3 
As a model study, they studied the hydrolysis of methylbenzimidate, and their conditions 
are summarized in Table 14. 
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Table 14. Hydrolysis of Methylbenzimidate. 
substrate % acid duration temp(°C) methylbenzoate (%) amide(%) benzoic acid(%) 
methylbenzimidate 5 
43 
65 
48 hr 
1 hr 
16 hr 
25 
85 
85 
100 
35 
0 
0 
0 
5 
0 
51 
40 
According to their study, methyl benzoate is obtained only at low concentrations of acid 
and at low temperature. Most likely, too concentrated acid and too high temperature were 
used in our experiments (Table 13). Therefore, no reaction of starting material or 
decomposition of compound was observed. In addition, a cyclization reaction of 74 was 
conducted by the reaction of 74 with sodium methoxide in methanol. However, the 
reaction was not successful since the free amine was already oxidized to the N-oxide or 
the base was too weak to produce an amine anion to attack the N,N-di-n-propyl 
benzamide moiety. 
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Conclusions 
In the first portion of this work, 3-(phenylsulfonyl)phthalide, a versatile 
intermediate for the synthesis of multi-ring systems, was successfully prepared. Reaction 
of phthalide with NBS yielded the 3-bromo phthalide which was then further allowed to 
react with benzenesulfinic acid, sodium salt in the presence of tetra n-butyl ammonium 
bromide. The synthesis of 4-hydroxy-3-n-propylbenzoisopyran-1-one by the reaction of 
3-(phenylsulfonyl)phthalide with butyraldehyde supports the demonstrated utility of 3-
(phenylsulfonyl)phthalide. However, the reaction of 3-(phenylsulfonyl)phthalide with 
activated imines failed to give isoquinolones. 
In the second portion of the work, the reaction of phthalide with benzylamine gave 
N-benzyl 2-carbinolbenzamide. With latent activity of the aldehyde group, the oxidation 
of the N-benzyl 2-carbinol benzamide was attempted in order to prepare N-benzyl o-
formyl benzamide. However, N-benzyl phthalimide was obtained because of the 
reactivity of the secondary amine. Therefore, protection of the hydroxyl group was 
warranted. 2-(N-benzylamido)-tert-butyldimethylsilylbenzyl ether was prepared via 
reaction of N-benzyl 2-carbinol benzamide with TBDMS-Cl. To install an amine side 
chain moiety that could be subsequently cyclized into the aldehyde group, an acetate 
group was selected. The N-alkylation, however, was not successful due to the steric 
hindrance. 
In the last portion of this study, a nitrostyrene intermediate was sought, since it 
can be used to give the lactam ring through Oiels-Alder chemistry. With regard to the 
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latent reactivity of the carboxylic group, 2-formylbenzoic acid was used as a starting 
material. Because the reaction of the 2-formyl benzoic acid with nitromethane gave 3-
nitromethyl phthalide instead of the f3-nitrostyryl compound which is useful in a Diels-
Alder reaction, the protection of the carboxylic acid group was performed by the reaction 
of di-n-propylamine with DCC to yield 2-formyl-N,N-di-n-propylbenzamide. The reaction 
of the 2-formyl-N,N-di-n-propylbenzamide with nitromethane gave 2-f3-nitro styryl-N,N-
di-n-propylbenzamide, which was used in a Diets-Alder reaction to give the C-ring of 
pancratistatin. The reduction of the nitro group was performed by the reaction of tin 
chloride in HO. To get cyclization, the hydrolysis of the N,N-di-n-propyl amide moiety 
was attempted, but it was not successful. However, this study shows a useful synthetic 
methodology for the formation of ortho-functionalized compounds and the preparation of 
multi-ring systems by a Diels-Alder reaction with f3-nitrostyryl derivatives. Furthermore, 
this model study suggests an economical, exciting, and new synthetic pathway for the 
preparation of pancratistatin. 
Future research in this project should include the hydrolysis of the N,N-di-n-propyl 
benzamide moiety and cyclization for the formation of the lactam B-ring of pancratistatin. 
In particular, cyclization via an amine anion has been reported (Lopes et. al., 1992), 
which seems amenable to compound 74 (Scheme 39). 
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Scheme 39. The Cyclization of 74. 
RU 
Moreover, a chiral auxiliary could be useful in the Diels-Alder reaction to control the 
stereoselectivity. Finally, the total synthesis of pancratistatin will be constructed based 
upon our model study. 
CHAPTER 7 
EXPERIMENTAL 
General Methods. Melting points were determined using a Mel-Temp melting point 
apparatus and are uncorrected. Proton NMR spectra were taken in deuterated chloroform 
(CDC13) on either a Varian EM 360A or VXR-300 MHz instrument. Carbon spectra also 
were conducted on the VXR-300, and the chemical shifts are relative to the deuterated 
chloroform triplet (b = 77.06). Pertinent proton NMR data are tabulated in the following 
order: chemical shift (ppm in delta), multiplicity (s; singlet, d; doublet, t; triplet, etc), 
coupling constants (J in Hertz) and number of hydrogens. Prominent infrared data are 
obtained in CDC13 and are expressed in cm-
1
. 
Analytical thin layer chromatography (TLC) was conducted with aluminum backed 
silica plates (E. Merck). Visualization was conducted with an ultraviolet lamp and/or 
anisaldehyde stain (a 2% solution of o-anisaldehyde in 95:4:1 absolute ethanol-
concentrated sulfuric acid-glacial acetic acid) with heating and/or PMA (5% 
phosphomolybdic acid in ethanol) and/or ninhydrin (5% in ethanol) and/or ammonium 
molybdate (2.5% in 9:1 water-concentrated sulfuric acid with 1 % eerie sulfate). Flash 
chromatography (Still et al., 1978) was conducted on Kieselgel 60, 230-400 mesh. 
Capillary gas chromatography (GC) was performed on a 15 m, DB-1 capillary column at 
gas flow rates of 300 mUmin (air), 30 mUmin (hydrogen), and 15 mL/min (helium). 
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The injector and detector temperatures were 250 and 275 °C, respectively. Ramped oven 
temperatures of 50-250 °C at 20 °C/min were used. 
All solvents and reagents were purified (when necessary) prior to use by literature 
methods (Perrin et al., 1975). Air or water sensitive reactions were conducted under a 
positive argon atmosphere utilizing standard techniques. 
Phthalide, benzenethiol, m-chloroperbenzoic acid (m-CPBA), triethylamine (TEA), 
benzenesulfinic acid, sodium salt, n-butyllithium (n-BuLi), diisopropylamine, sodium 
hydride (95%), N-bromosuccinimide (NBS), benzylamine, benzaldehyde, butyraldehyde, 
cinnamaldehyde, butylamine, methylamine ( 40 wt. % solution in water), pyridine, 2-
carboxybenzaldehyde, methyl iodide, di-n-propylamine, dicyclohexylcarbodiimide (DCC), 
pyridinium dichromate (PDC), nitromethane, butadiene sulfone, and tin chloride were 
obtained from Aldrich Chemical Company. (Milwaukee, WI). 
3-Bromophthalide (32) (Dunet and Willemart, 1922). Phthalide 31 (10.0 g, 74.6 mmol) 
was dissolved in 300 mL of CC14 in a 500 mL flask and N-bromosuccinimide (16.0 g, 
89.9 mmol) was added. The reaction mixture was heated to reflux and monitored by TLC 
for consumption of starting material. When complete formation of product was seen by 
TLC, the reaction mixture was cooled to room temperature, filtered, washed with 
saturated sodium bicarbonate and brine, and dried over sodium sulfate. The solvent was 
removed by evaporation, and the crude product was purified by recrystallization from 
CHC13 to give 12.6 g (80%) of a white solid: mp 81-83 °C. Rf 0.28 (pet ether:ether/2: 1 ); 
1 . H NMR b 7.93 (d, J = 7.3 Hz, HI), 7.79 (dt, J = 7.80 and 1.20 Hz, lH), 7.64 (d, J = 7.4 
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Hz, 2H), 7.41 (s, lH); 13c NMR o 74.58, 123.44, 123.94, 125.80, 130.81, 135.12, 148.65, 
167.11. 
3-(Phenylsulfonyl)phthalide (33). Method A. Benzenesulfinic acid, sodium salt (3.08 
g, 18.8 mmol) was placed in 150 mL of THF and tetrabutylammonium bromide (0.91 g, 
2.8 mmol) was added. The reaction mixture was heated to reflux for 15 min. 3-
Bromophthalide 32 (2.00 g, 9.4 mmol) was added as a solid in portions over 10 min. 
After the starting material was consumed, the reaction mixture was cooled to room 
temperature and filtered. The solvent was removed, and the crude white solid was 
recrystallized from THF/water to give 1.39 g of white solid (54%): mp 216-217 °C, Rr 
0.25 (in CHC13); 1H NMR 6 6.16 (s, lH), 7.48 (t, J = 8.1 and 7.4 Hz, 2H), 7.60-7.66 (m, 
2H), 7.76-7.81 (m, 4H), 7.97 (d, J = 8.4 Hz, lH); 13c NMR o 90.46, 124.89, 125.96, 
129.12, 129.68, 131.33, 134.15, 134.83, 139.29, 167.38. 
Method B (Broadhurst et al., 1982; Hauser and Rhee, 1978). To a solution of 3-bromo 
phthalide (200 mg, 0.9 mmol) in toluene (5 mL) was added triethylamine (0.14 mL, 1.4 
mmol) and benzenethiol (150 mg, 0.9 mmol) at room temperature. Upon completion of 
the reaction, the mixture was diluted with 30 mL of ether and filtered through Celite. 
The organic layer was washed twice with water, saturated sodium bicarbonate, and brine, 
and dried over sodium sulfate. The crude thioether product was used directly without 
purification. The intermediate product was dissolved in 5 mL of CH2Cl2 and chilled to -
78 °C. To this solution was added m-chloroperbenzoic acid (m-CPBA) ( 400 mg, 2.3 
mmol) and monitored by TLC and GC. When the starting material was consumed, the 
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mixture was diluted with 20 mL of CHzCI2, washed with saturated sodium bicarbonate, 
and brine, dried over sodium sulfate, and concentrated to give the product in a yield of 
70%. The product was identical to that obtained by method A 
Reaction of 3-lithio-3-(phenylsulfonyl)phthalide with Deuterium Oxide. A Quenching 
Study. To an LDA solution (0.54 mmol) was added 3-phenylsulfonyl 33 phthalide (0.15 
g, 0.6 mmol) at -78 °C. After 30 min, 5 mL of the anion solution was transferred to 0.1 
mL of D20 and stirred for 10 min. Ether (10 mL) was added and the reaction solution 
was washed with 10% HCI, water, and brine, dried over sodium sulfate, and rotary 
evaporated. A 1H NMR spectrum was taken to evaluate the extent of formation of the 
anion of 3-phenylsulfonyl phthalide by the ratio of integration between the Ar-Hand C-H 
on 3-position. Approximately 41 % of the starting material (59% D) was observed at 30 
min. 1H NMR b 6.18 (s, 0.41H (0.590)). The same procedure was repeated for various 
time intervals. 
4-Hydroxy-3-n-propylbenzoisopyran-1-one (37). To a solution of LDA formed from 
diisopropylamine (0.22 mL, 1.6 mmol) and n-BuLi (1.5 mmol) in THF (10 mL) at -78 
°C was added 3-(phenylsulfonyl)phthalide 33 (0.27 g, 1.0 mmol) as a solid. After stirring 
at -78 °C for 30 min, butyraldehyde 35 (0.18 mL, 2.0 mmol) was added. The reaction 
mixture was stirred at -78 °C for 1 h, then the cooling bath was removed. After 30 min 
of stirring at room temperature, the reaction mixture was quenched with 1 N HCI. 
Workup gave a colorless oil, which was purified by column chromatography using 1:3/ 
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petroleum ether:ether as eluent to give the product in a 50% yield (0.84 g): Rf 0.24 
(petroleum ether:ether/1:3); 1H NMR b 0.86 (t, J = 7.4 Hz, 3H), 1.58-1.67 (m, 2H), 2.01-
2.09 (m, lH), 2.45-2.54 (m,lH), 5.73 (s, lH), 7.49 (d, J = 7.4 Hz, lH), 7.71-7.83 (m, 
2H), s.02 (d, J = 1.5 Hz, lH); 13c ~ b 13.40, 11.01, 36.77, 102.24, 122.s2, 125.98, 
127.25, 131.54, 135.04, 144.91, 167.89, 202.24. 
N-Benzyl 2-hydroxymethylbenzamide (45). Benzylamine 44 (7.99 g, 74.6 mmol) was 
placed in 10 mL of THF and phthalide 31 (2.00 g, 14.9 mmol) was added at room 
temperature. The reaction mixture was heated to reflux for 1 day. Following cooling to 
room temperature, ethyl ether was added, which deposited crystals from the crude reaction 
mixture. The crystals were collected by filtration and purified by recrystallization from 
ether to give 3.14 g (87%) of the product: Rr 0.21 (petroleum ether:ether/1:3); mp 128-
129 °C; GC Rt 7.53 min; Anal. Calcd. for C15H15N02: C 74.67, H, 6.26, N 5.81. Found: 
C,74.80, H, 6.27, N, 5.87; 1H NMR b 4.60 (s, 2H), 4.63 (d, J = 5.7 Hz, 2H), 6.80 (bs, 
lH, .fil!), 7.28-7.46 (m, SH), 7.54 (dd, J = 1.1 and 7.5 Hz, lH); 13c NMR b 44.31, 
64.70, 127.44, 127.63, 127.71, 128.02, 128.76, 130.70, 131.17, 135.39, 137.78, 140.17, 
169.66. 
N-Benzylphthalimide (47) (Kormendy and Volford, 1962). N-Benzyl 2-carbinol 
benzamide 45 (0.2 g, 0.83 mmol) was dissolved in 10 mL of CH2Cl2 at room temperature 
and PDC 46 (0.49 g, 1.13 mmol) was added to this solution. Upon completion of the 
reaction (24-30 h), the mixture was filtered through a 1-cm layer of FlorisiLand 0.2-cm 
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layer of sodium sulfate, rotary evaporated to an oil, and purified by chromatography using 
petroleum ether:ether/1:3 to give 0.14 g of N-benzyl phthalimide in 68% yield: Rr 0.59 
(petroleum ether:ether/1:3); mp 114-115 °C (116 °C in Handbook of Chemistry and 
Physics, 56th Ed, p. c-431); 1H NMR b 4.85 (s, 2H), 7.28-7.35 (m, 3H), 7.42-7.45 (m, 
2H), 7.69-7.72 (m, 2H), 7.83-7.86 (m, 2H); 13C NMR b 41.56, 123.28, 127.77, 128.56, 
128.62, 132.08, 133.92, 136.32, 167.87. 
2-N-Benzylamido-tert-butyldimethylsilylbenzyl ether (50). tert-Butyldimethyl silyl 
chloride 49 (fBDMS-Q; 470 mg, 3.12 mmol) and imidazole (350 mg, 5.14 mmol) were 
dissolved in 1 mL of DMF and N-benzyl-2-hydroxylmethylbenzamide 45 (0.50 g, 2.07 
mmol) was added at 45 °C. The solution was stirred for 14 h or until TLC showed no 
starting material. The mixture was then taken up in 100 mL of ether, washed thrice with 
3% HCl and brine, dried over sodium sulfate, and evaporated to afford 0.67 g (91 % ) of 
the TBDMS-ether 50 after purification by chromatography (petroleum ether:ether/2: 1 ): Rr 
0.29 (petroleum ether:ether/2:1); mp 67-68 °C; 1H NMR b 0.016 (s, 6H), 0.80 (s, 9H), 
4.64 (d, J = 5.7 Hz, 2H), 4.78 (s, 2H), 7.25-7.44 (m, SH), 7.79 (dd, J = 1.7 and 7.6 Hz, 
lH), 7.92 (bs, lH, NH); 13C NMR b 18.02, 25.52, 44.12, 64.34, 127.38, 127.88, 128.04, 
128.61, 129.42, 129.45, 130.49, 135.48, 137.37, 138.37, 168.35. 
N-Acetaldehyde diethylacetal benzamide (55). Benzamide (0.48 g, 4.00 mmol) and 
tetra-n-butyl ammonium hydrogen sulfate (0.41 g, 1.20 mmol) were placed in 6 mL of 
benzene and 50% of sodium hydroxide (4 mL) was added to the solution. The reaction 
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was stirred at reflux for 30 min, the solution was cooled, and to this solution was added 
dropwise bromoacetaldehyde diethylacetal 52 (0.66 mL, 4.40 mmol) in 0.8 mL of 
benzene. The mixture was heated to reflux for 1.5 h. An additional portion of 52 (0.33 
mL) in 0.5 mL of benzene was added to the reaction mixture at room temperature, and 
this mixture was refluxed again for 2.5 h while being monitored (TLC) for loss of 
benzamide. The reaction was cooled to room temperature, and 100 mL of ether was 
added. The organic layer was separated, washed with 5% HCl, water, and brine, dried 
over sodium sulfate, concentrated to an oil, and purified by chromatography (petroleum 
ether:ether/1:1) to give 55 (0.62 g, 65% yield): Rf 0.21 (petroleum ether:ether/1:1); GC 
~ 8.67 min; Calcd for C13H1~03: C, 65.80, H, 8.07, N, 5.90; Found: C, 65.65, H, 7.97, 
N, 5.78; 1H NMR b 1.21 (t, J = 7.1 Hz, 6H), 3.53-3.60 (m, 4H), 3.67-3.75 (m, 2H), 4.60 
(t, J = 5.4 Hz, lH), 7.37-7.47 (m, 3H), 7.73-7.77 (m, 2H); 13c NMR b 15.38, 42.49, 
62.93, 100.71, 126.77, 128.38, 131.29, 134.32, 167.25. 
Methyl o-formylbenzoate (60). (Brown and Sargent, 1969). o-Formylbenzoic acid 63 
(5.00 g, 33.30 mmol) was heated to reflux for 18 h in the presence of dry potassium 
carbonate (13 g, 94 mmol) and methyl iodide (16 g, 113 mmol) until the starting material 
was consumed. Filtration of the solid and evaporation of acetone left an oil that was 
dissolved in ethyl acetate, washed with water and brine, and dried over sodium sulfate to 
give 5 g of pure product (yield > 90%) after Kugelrohr distillation at 84 °C/0.2 mm Hg 
(lit. 86-88/0.3 mm Hg): Rr 0.23 (petroleum ether:ether/2: 1 ); GC Rt 6.50; 1 H NMR b 3.91 
(s, 3H), 7.58-7.59 (m, 2H), 7.82-7.91 (m, 2H), 10.54 (s, lH); 13C NMR b 52~60, 128.18, 
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130.13, 131.77, 132.13, 132.70, 136.81, 166.41, 191.67. 
3-Nitromethyl phthalide (64) (Ullyot et al., 1945; Baer and Kienzle, 1969). To a 
suspension of 2-carboxybenzaldehyde 63 (0.45 g, 3 mmol) and nitromethane 56 (0.18 g, 
3 mmol) in MeOH was added a sodium hydroxide solution (0.24 g, 6 mmol, in 0.5 mL 
of water) at 0 °C with stirring for 3 h. Then, the mixture was added slowly to 1 N 
HiSO 4 at room temperature to deposit a white precipitate. The precipitate was filtered, 
dissolved in CHCl3, and washed with saturated sodium bicarbonate, water, and brine to 
give 0.83 g of 3-nitromethylphthalide 64 (70% yield): Rr 0.21 (petroleum ether:ether/1:2); 
mp 127-128 °C (lit. 130-131 °q; UV ~ax 272 and 280 nm in MeOH (lit. 271 and 281 
nm in MeOH); 1H NMR b 4.76 (dq, 1= 4.3, 7.9, 14.1 and 27.0 Hz, 2H), 6.12 (q, J = 4.0 
Hz, lH), 7.51 (d, J = 7.6 Hz, lH), 7.63 (t, J = 7.6 Hz, lH), 7.75 (t, J = 7.5 Hz, lH), 7.96 
(d, J = 7.6 Hz, lH); 13C NMR b 75.76, 76.75, 122.12, 126.44, 130.60, 134.83, 144.38, 
154.64, 168.65. 
trans-~-Nitrostyrene (67) (Worrall, 1941). Benzaldehyde 66 (0.32 g, 3 mmol) and 
nitromethane 56 (0.18 g, 2.95 mmol) were dissolved in 3 mL of MeOH at 0 °C. A 
solution of KOH (0.20 g, 3.56 mmol) in 1 mL of MeOH and 0.5 mL of water was added 
to this reaction flask dropwise to give a yellow solution. The progress of the reaction was 
monitored by TLC. Following loss of the starting material, the solution was added to 20 
mL of 1 N HiSO 4 at room temperature and the mass was allowed to stand, depositing an 
oil or a yellow precipitate, which was purified by chromatography using petroleum 
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ether:ether/1:1 and/or recrystallized from EtOH and washed with 2-propanol: Rr 0.45 
(petroleum ether:ether/2:1); mp 56-57 °C (lit. 57-58 °C); GC Rt 6.76 min; UV Amax = 
310.5 nm (in MeOH); 1H NMR b 7.41-7.55 (m, SH), 7.57 (d, J = 13.7 Hz, lH), 8.00 (d, 
J = 13.7 Hz, lH); 13C NMR 6 129.09, 129.34, 130.00, 132.10, 137.05, 139.02. 
2-Formyl-N,N-di-n-propylbenzamide (69). Dicyclohexyl carbodiimide (41 g, 198.7 
mmol) was dissolved in 200 mL of CIIi02 and the reaction solution was chilled to 0 °C. 
To this solution was added 2-carboxybenzaldehyde 63 (20 g, 133.2 mmol), followed by 
di-n-propylamine 68 (17.36 mL, 126.6 mmol). Stirring was continued for 6 h at 0 °C, 
which point the mixture was filtered through Ce lite, washed with 10% sodium hydroxide, 
saturated sodium bicarbonate, and brine, dried over sodium sulfate, and concentrated to 
an oil. The crude product was purified by chromatography (petroleum ether:ether/1:2) or 
Kugelrohr distillation at 110 °C/0.5 mm Hg to give 19 g of product (65%): Rf 1.20 
(petroleum ether: ether/1:2); GC Ri 9.12 min; 1H NMR b 0.64 (t, J = 7.4 Hz, 3H), 0.95 
(t, J = 7.4 Hz, 3H), 1.38-1.46 (m, 2H), 1.64-1.74 (m, 2H), 2.96 (t, J = 7.7 Hz, 2H), 3.46 
(t, J = 7.7 Hz, 2H), 7.29 (dd, J = 1.2 and 7.5 Hz, lH), 7.48 (dt, J = 1.2 and 7.5 Hz, lH), 
7.58 (dt, J = 1.4 and 7.5 Hz, lH), 7.89 (dd, J = 1.4 and 7.6 Hz, lH), 10.00 (s, lH); 13C 
NMR 6 10.98, 11.43, 20.37, 21.50, 46.25, 50.30, 126.91, 128.98, 129.56, 132.39, 133.93, 
139.62, 168.95, 190.45; MS m/z 233 (M+). 
trans-2-f3-Nitro styryl-N,N-di-n-propylbenzamide (70). To a solution of2-formyl-N,N-
di-n-propyl benzamide 69 ( 4.20 g, 18.0 mmol) in 10 mL of MeOH was added 
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nitromethane 56 (2.25 g, 36.9 mmol), followed by a solution of KOH (2.02 g, 36.0 mmol 
in 2 mL of MeOH and 2 mL of water). The reaction mixture was stirred for 3 to 5 h 
until no further starting material was observed by TLC. The reaction mixture was added 
to 1Lof10% H2S04 at room temperature. When the wax or precipitated product was 
separated from the water layer, the product was dissolved and extracted by the addition 
of CH20 2 (200 mL). The dichloromethane extracts were washed with saturated sodium 
bicarbonate and brine, dried over sodium sulfate, rotary evaporated to an oil, and purified 
by flash chromatography (petroleum ether:ether/1:2) to give 3.7 g of product (90%): Rr 
0.43 (petroleum ether:ether/1;3); GC Ri 10.87 min; UV A.max 304.5 nm (in MeOH); 1H 
NMR b 0.68 (t, J = 7.4 Hz, 3H), 0.99 (t, J = 7.4 Hz, 3H), 1.41-1.48 (m, 2H), 1.66-1.76 
(m 2H), 2.96 (t, J = 7.6 Hz, 2H), 3.49 (bs, 2H), 7.31 (dd, J = 1.6 and 7.4 Hz, lH), 7.39-
7.61 (m, 3H), 7.54 (d, J = 13.8 Hz, lH), 7.99 (d, J = 13.7 Hz, lH); 13c NMR b 11.04, 
11.49, 20.56, 21.63, 46.28, 50.32, 126.83, 127.19, 127.68, 129.34, 131.75, 135. 74, 138.47, 
139.15, 169.12; MS m/z 276 (M+). 
trans-4-Nitro-5-phenylcyclohexene (72) (Rawal and Michoud, 1991). ~-Nitrostyrene 
67 (0.20 g, 1.3 mmol) and butadiene sulfone 71 (1.40 g, 11.9 mmol) were placed in 1 mL 
of xylene in a sealed tube and heated to reflux for 5 days. Toluene (3 mL) and activated 
carbon (0.03 g) were added to the reaction vessel and the mass was brought to reflux for 
2-3 h more. Then, the mixture was filtered, evaporated in vacuo to a solid, and purified 
by flash chromatography (hexane:ether/7:1) to give white solid (0.2 g, 60% yield): Rr 0.32 
(hexane:ether/7:1); mp 100-101 °C; GC Rt 8.08 min; 1H NMR b 2.31-2.58 (ni, 2H),2.73-
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2.90 (m, 2H), 3.39-3.49 (m, lH), 4.95-5.04 (m, lH), 5.71-5.86 (m, 2H), 7.20-7.37 (m, 
SH); 13C NMR b 31.21, 33.13, 44.16, 87.29, 122.63, 126.56, 127.33, 127.55, 128.80, 
140.02. 
trans-4-Nitro-5-[2-N,N-di-n-propylbenzamide]cyclohexene (73). 2-~-Nitro-N,N-di-n­
propyl benzamide 70 (0.55 g, 2.0 mmol) and sulfolene 71 (2.34 g, 19.8 mmol) were 
placed in 4 mL of xylene in a sealed tube and heated at 140 °C for 3 days. The reaction 
mixture was cooled to room temperature, 10 mL of toluene and activated carbon (0.05 
g) were added, and the mixture was reheated to reflux to remove any extra butadiene 
sulfone. The mixture was filtered and concentrated to a liquid, and the crude product was 
purified by chromatography (petroleum ether:ether/1:1) to give 0.4 g of product (61.1 %): 
Rr 0.25 (petroleum ether:ether/1:1); mp 97-98 °C; GC R1 12.24 min; 1H NMR b 0.75 (t, 
J = 7.3 Hz, 3H), 0.98 (t, J = 7.3 Hz, 3H), 1.41-1.79 (m, 4H), 2.05-2.16 (m, lH), 2.59-2.82 
(m, 3H), 2.91-3.08 (m, 2H), 3.13-3.23 (m, lH), 3.38-3.48 (m, lH), 3.77-3.82 (m, lH), 
5.05-5.18 (m, lH), 5.59-5.70 (m, 2H), 7.10-7.39 (m, 4H); 13C NMR b 11.11, 11.43, 
20.32, 21.70, 31.97, 34.68, 41.36, 45.66, 50.40, 85.80, 121.73, 125.50, 125.89, 126.84, 
127.19, 129.27, 137.35, 137.61, 170.24; MS m/z 330 (M+). 
4-Amino-5-[2-N,N-di-n-propylbenzamide]cyclobexene (74). To a solution of tin 
chloride (0.82 g, 4.3 mmol) in 3 mL of concentrated HQ at room temperature was added 
the nitro compound 73 (0.25 g, 0.8 mmol) in one portion. Stirring was continued until 
no more starting material was present. Ether (50 mL) and water (50 mL) were added and 
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the layers were separated. The water layer was washed with ether to remove impurities 
and was then basified with sodium hydroxide to pH > 8. The amine product was 
extracted twice with ether. The ether extracts were combined, washed with brine, dried 
over sodium sulfate, and rotary evaporated to an oil. The crude product was purified by 
chromatography (petroleum ether:ether/1:1) to give 0.13 g of amine (56%): Rr 1.056 
(petroleum ether:ether/1:1); 1H NMR b 0.80 (t, J = 7.2 Hz, 3H), 1.25 (t, J = 7.2 Hz, 3H), 
1.48-1.65 (m, 2H), 1.70-1.82 (m, 2H), 2.20-2.52 (m, 4H), 2.81-2.97 (m, lH), 3.01-3.26 
(m, 3H), 3.45-3.52 (m, lH), 3.58-3.68 (m, lH), 5.68-5.89 (m, 2H), 6.72-8.50 (bs, 2H, 
NH), 7.19-7.50 (m, 4H). 
N,N-di-n-Propylbenzamide (76) (Gertler, et al, 1943). To a solution of benzoyl chloride 
75 (4.58 g, 32.6 mmol) in 15 mL ether and 5 mL of 15% NaOH at 0 °C was added di-n-
propylamine (3.8 mL, 27. 7 mmol) via an additional funnel over 30 min. Stirring was 
continued for 1 h until there was no more starting material. The organic layer was 
separated from the water layer and the product left in the water layer also was extracted 
by ether twice. The ether extracts were combined, washed with 10% HCl, 5% sodium 
bicarbonate, and brine, and dried over sodium sulfate. The product was purified by silica 
gel chromatography (petroleum ether:ether/3:2) to a give quantitative yield: Rr 0.22 
(petroleum ether:ether/3:2); GC Ri 7.79 min; 1H NMR b 0.64-0.84 (bt, 3H), 0.84-0.95 (bt, 
3H), 1.42-1.50 (bm, 2H), 1.59-1.65 (bm, 2H), 3.06-3.18 (bt, 2H), 3.34-3.43 (bt, 2H), 7.25-
7.40 (m, SH); 13c NMR b 11.34, 11.41, 20.71, 21.89, 46.26, 50.67, 126.43, 128.33, 
128.96, 137.41, 171.75. 
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